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1. Introduction

The motivation for this work began with a concern for the correctness of an implementation of logic. The

system PC-NQTHM t is an interactive "proof-checker" enhancement of the Boyer-Moore Theorem Prover [3],

3 and is documented in [10]. In [11] we report on an extension of this system that admits a notion of free

variables. Roughly, free variables are ones that the user is allowed to instantiate in the course of a proof. An

earlier version of this extension for free variables had a soundness bug in one of the commands, called

GENERALIZE. (This command allows one to replace terms by new variables and proceed by proving the

stronger, generalized version of the goal. Thus, it corresponds to the inference rule of universal instantiation).

In fact the bug was easily corrected and the correctness of the resulting GENERALIZE command was checked

f on paper. However, the rude shock of having made a soundness mistake in the previous version led to the

following goal: formalize the new version of the GENERALIZE command in the Boyer-Moore logic, and

mechanically check a proof of correctness of this formalization.

In this paper we present a mechanically-checked proof of correctness for a generalization algorithm.

Although the theorem itself is probably new (at least, we are unaware of any existing statement of it), the

interest here lies not particularly in the theorem per se but, rather, lies in the demonstration of the use of

mechanical verification for assisting in the reliability of detailed proofs and software. In particular, we believe

that this exercise strongly suggests the feasibility of creating a verified version of PC-NQTHM, i.e. one which is

3 proved correct in the Boyer-Moore theorem prover or in some successor of that system.

Thus, this paper could be viewed as a contribution to the study of metatheoretically extensible systems.

Some reports of research in this spirit can be found in works of Davis and Schwartz [6], Weyhrauch [18], Boyer

and Moore [2], Shankar [16], Knoblock and Constable [14, 13], Howe [91, and Quaife [15]. However, we also

view this paper as an exposition which provides a rather detailed look at the practice of using the Boyer-Moore

theorem prover and PC-NQTHM to proof-check mathematical arguments. . (

Although the development here is intended to capture the behavior of PC-NQTHM, it is actually an

abstraction of that behavior. Hence, no familiarity with PC-NQTHM is required for an understanding of this

document. Moreover, little particular understanding of the Boyer-Moore logic (cf. [1, 3]) should be necessary

for a comfortable reading of this paper (although for those interested, a complete treatment of the Boyer-Moore

3 X~'PC" for "poof-checker", "NQT1M" for the name commonly given to the current Boyer-Moore theorem prover
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theorem prover and the enhancements used here can be found in [1, 3, 10, 12, 4, 11]). A summary of the basics

needed in order to follow the treatment in this paper may be found in the first subsection 1.1 immediately

below. We follow this with a very general discussion of the methodology employed in the use of the Boyer-

Moore theorem prover and PC-NQTHM in Subsection 1.2. A brief view of the main theorem and the high-level 3
structure of its proof may be found in Subsection 1.3. We conclude this introduction with a summary of the

remainder of the paper.

1.1 Introduction to the Boyer-Moore logic and theorem prover

For a description of the Boyer-Moore logic and theorem prover we refer the reader to the careful I
description in [3]. For now let us simply point out a few aspects of the logic and theorem prover.

One may simply view the Boyer-Moore logic as a version of frst-order logic that has an induction rule of

inference. Further details will be provided as needed during the presentation below. For now, let us simply 3
note that a session with the Boyer-Moore theorem prover consists of a sequence of so-called events, which are

generally either definitions or lemmas/theorems. A sequence of events stored at a given moment is called a

history. Thus, this paper can be viewed as the presentation of a particular history that culminates in a lemma

event stating the correctness of the algorithm in question. 3
There are a few built-in function symbols which, together with corresponding axioms, are part of the

logic's basic (built-in) theory, i.e. are part of every history. Here is a summary of some of those that we will use

in this paper. In each case we write terms in two ways. First, we write them in official s-expression (Lisp) 3
notation, i.e. in the form (.G t1i ... t n ) where each t. is a term in that notation and G is a function symbol

(of the current history). Second, we write them in informal, more traditional notation. We will follow this

convention throughout this paper. Moreover, we will write s-expressions using upper-case characters and

traditional notation using lower-case characters. Here, then, are the primitives promised above.

" (CONS X Y) or <x, y>: the ordered pair formed from z and y. CONS is also used to represent
lists (sequences), in which case the atom NIL represents the empty list and (CONS X Y)
represents the sequence whose first element is X and whose remaining elements (in order) form
the sequence Y. I

" (CAR Z) or 1 t (z) : the first component of the ordered pair z

" (CDR Z) or 2nd (z): the second component of the ordered ,ir; 3
* (LISTP Z) or listp (z): z is an ordered pair

" T: the boolean true

" F: the booleanfalse

" (LESSP X Y) or < y: z is less than y I
U
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* (MEMBER A X) ora e z aisamemberofzI
The basic logic does not contain first-order quantification, so one often expresses quantified concepts

I using primitive recursion. Consider the following (irrelevant but instructive) definition of a predicate that holds

of a list if and only if all of its elements are ordered pairs.
Def inif of ALL-LUs!

all-llztp(z) a
(V y G x) 1±atp(y)

(DraE ALL-LZSTP (x)
(X (LIS!? X)

(AM (LIsP (CAR X))
(AMT-LISTP (CDR X)) )

The first version of this definition s informal. In fact z is (presumably) a list, not a set (there is no built-in set

1type), so the predicate e doesn't really make precise sense here, though it's highly suggestive. We'll continue

in this style throughout this paper.I
The theorem prover contains a number of "processes", but most of the work is done by its simplifier,

whose main component is a rewriter. The user labels certain lemmas as rewrite rules, and the system then

rewrites using them. For example, consider the following rule, which says how the function ALL-LISTP

3 above applies to a CONS.

Lenu ALL-A-L'STP -CONS

listp(a) -+

( all-listp((a) u x) a all-listp(x)

(IiPLIZS (LIST? A)
(EQUAL (AL-LIST? (CONS A X))

(AUL-LIST? X)))

Again, the first version is merely suggestive, since the u operator applies to sets, not lists. The name of this

lemma is indicated to be ALL-LISTP-CONS. If we label it to be a rewrite rule then the theorem prover's

rewriter will simplify any term of the form (ALL-LISTP (CONS A X) ) to the term (ALL-LISTP X)

3 provided it can establish (LISTP A). Again, while this extremely brief introduction to the logic and theorem

prover should suffice as a prerequisite for the rest of the paper, the reader is welcome to consult [31 ,or a much

more thorough treatment.

I
I
I
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1.2 Remarks on methodology

General hints on how to use the Boyer-Moore theorem prover may be found in the user's manual [31, I
particularly in Chapter 13. We also felt free to use PC-NQTHM, an interactive enhancement of the Boyer-

Moore theorem prover described in (10, 11], to help explore some of the more difficult theorems. (Examples of

such use may be found in [101.) However, the final proof script ultimately does not depend on PC-NQTHM,

but only on the Boyer-Moore theorem prover with the enhancements for theories, LET, quantifiers, and

functional variables mentioned above.

Our rst completed proof was rather ugly2 in a number of places. Apparently this phenomenon is rather

typical for users of the Boyer-Moore theorem prover, since one is still discovering the proper abstractions and

proof strucnre while carrying out the proofs. In fact, the helpful output of the system can also distract one

towards proving lemmas that are geared specifically to allow a particular proof attempt to succeed rather than

towards proving elegant, general lemmas. Our first proof did, however, generate a number of basic definitions

and rules for the files "sets.events", "alists.events", and "terms.events" which can be found (in their current

forms) in the Appendix. So that we could obtain a proof script amenable to this exposition, we did the proof

again, starting with those three files. Having those files already loaded allowed many of the proofs to go

through automatically, which freed our attention for more substantive matters. In the course of the new proof a

few additional basic rules were discovered and the three aforementioned libraries were suitably enhanced during

this "polishing" process. Not surprisingly, when we moved some of those new basic rules up to those three I
files from our final file, some proofs in the final file no longer succeeded; when a rewrite rule is moved in front

of a PROVE-LEMMA event, it can affect the course of the event's automatic proof. But we were able to find a 3
few more useful rules for the three preliminary files, without undue difficulty. The resulting proof as it exists in

the final file, "generalize.events", is reasonably concise. An advantage of this conciseness is that the result is

quite amenable for description in the final two sections of this paper. Perhaps a disadvantage is that some of the

struggles in completing the proof have been hidden, though we do make a few remarks about such difficulties

where they came up. I
We should be honest that although the lemmas stated in the final file "generalize.events" form the heart of

the proof (in our view), still many of the supporting lemmas in the other three files are crucial too. A number of 3
those lemmas were not only crucial to the main proof, but in fact were only discovered while trying to do that

2 even compared to the final venion! I

I
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proof.3 The point here is that although the lemmas have been arranged into files for expository purposes, one

should not be left with the impression that the first three files were created in isolation and then a fairly natural

proof evolved without difficulty, as represented in "generalize.events". An unfortunate amount of sweat went

into that proof! On the other hand, the original proof took well under a month, including the libraries and the

time required to think about the theorem. So although our experience is that this kind of program verification

remains a less-than-automatic activity, still we are not too disappointed by the amount of effort required. The

exposition in this paper, however, is a different matter, it seemed quite time-consuming. We don't recommend

such detailed expositions in general, although we hope that this one has pedagogical value.

We did not keep the set of lemmas in those first three files at a minimum. Rather, we were happy to build

up less-than-minimal but useful libraries of rules. Therefore the thickness of the first three files in the Appendix

is not entirely indicative of what is truly necessary for the successful processing of the events in the final file.

On the other hand, we view the events in the frst three files as being sufficiently fundamental that many or all

of them should be usable in possible future work that involves notions such as lists, terms and substitutions.

Another obligation arising from honesty requires us to point out that hints to the Boyer-Moore prover

3 have been omitted from the exposition below (although they do appear in the appendix). We simply felt that the

hints would distract the reader from more substantive considerations, and would even be misleading in the

3 absence of explanation.

3 Finally, let us remark that the time required to automatically replay the events constructed for this

exercise was roughly an hour and a quarter on a Sun 3/60 with 20 megabytes main memory. Slightly under a

half hour was spent on the events in the three preliminary files; the rest was spent on the events in
"generalize.events".

I 1.3 Outline of theorem and proof

The main theorem is stated precisely in Section 4. However, here is a very informal version.

We want to model a proof development methodology similar to the one in PC-NQTHM [10, 11], as

explained at the start of the introduction. (In fact, similar "proof refinement" methodologies have been

I 3People familiar with the Boyer-Moore prover will coriectly guess that many of these lemmas were thought up by reading failed proof
transcripts and thinking about what might be useful to prove as rewrite rules. Others were discovered by crawling around through terms
using PC-NQTtLM.
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implemented in systems preceding PC-NQTHM as well, for example LCF [7] and its "descendents" HOL

[8] and Nuprl [5].) In the PC-NQTHM methodology, the user starts with a proof state consisting of a single

goal, namely the goal to be proved, and proceeds to create new proof states by "refining" goals into subgoals

and simplified goals. The proof is complete when all goals of the state are simply T (true). Let us explain this 3
more carefully (but still informally).

First imagine a situation where one has a formula in some logic that he wishes to show is a theorem. One I
approach would be to replace that formula with a list new formulas whose conjunction implies the given

formula. (Such a step may be called a "refinement step".) The resulting formulas are then the g-ais that

remain to be proved. The first formula in this list, which we will call the current (or top) goal, may then be

similarly reftIned into subgoals that imply it, leaving one with those new goals, together with the existing goals I
other than that current goal. Once a current goal is simply the formula T (true), it is replaced by the empty list

of goals. One would hope to be able to continue this process until there are no goals left, in which case one can U
conclude that the original goal is a theorem. Such a sequence of steps will be called a "proof", though it is

perhaps better viewed as a demonstration that a proof exists in that logic. 3
We might call the current list of (as yet unproved) goals the "current proof state". However, imagine a

slightly more general paradigm in which a proof state consists not only of unproved goals but also of a list of

variables called the free variables of that proof state. The idea is that one should be free to substitute for the 3
free variables. For example, suppose there is a single goal, of the form ti < t 2. Clearly it suffices to find

some : for which ti < z and z < t 2 . So, it should be legal to replace the current goal ti < t 2 with a list 3
of the two goals ti < z and z < t 2 , with the stipulation that z is to be consideredfree. Then if we are able

to find some term u for which we can prove ti < u and u < t 2, then we will be allowed to substitute u for

z and carry out that proof. I
Suppose a proof state has the property that there is some way of substituting terms for its free variables,

into its goals, such that the resulting goals are all theorem. Such a proof state will be called valid. The "key 3
lemma" for a proof of correctness of such a refinement-based system would establish that each refinement

transformation has the following property: whenever the new state is "valid" in an appropriate sense, then the 3
given state is "valid". For then an easy induction would let one conclude that if one performs a series of such

state transformations, starting with the user's given goal and resulting in a state where all goals are disposed of, 

then (as such a final state is presumably "valid") the original state is "valid" -- and hence, presumably, the

original goal is a theorem. 3

I
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Such a refinement system may have a number of legal refinement steps, so for a correctness result of the

3 type described in the previous paragraph, one would have to prove a "key lemma" for each of these. We

confine ourselves in this paper to such a proof for a single refinement step that we call generalization. The idea

3 is that if one wishes to prove a goal g containing a subterm t, it should be legal to replace t in g by a new

variable. Standard logics have the property that if the result is a theorem, then the original goal is a theorem.

I There is a subtlety which makes this correctness proof not completely trivial, namely, generalization in

this sense is not sound in general. i.e. the aforementioned key lemma may fail to hold. The problem has to do

with free variables, and examples are given in Subsection 4.1. Rather than get into details at this point, let us

simply state that there is a way to define generalization so that it is correct and reasonable.

The main theorem in this paper states the correctness of a formalization of generalization in this context.3 62. Theorem. GENZRALXZZE-1S-CORPZCT

gener&1ize-okp (sq, at&t) A valid-state (gnealize (lg, rate))
-+ vlid-state(state)

(IMPLIES1 (ANID (GEUZflLZE-OXP SO STATE)
(VALID-STATE (GENERALIZE SC STATE)))

(VALID-STATE STATE))

Here GENERALIZE-OKP is a predicate which may be viewed as a precondition under which the user is

3 allowed to apply the GENERALIZE refinement rule. We also prove the much simpler "sanity" theorem,

saying that if generalization is legal then the result is still a state. We'll say no more about this, except to

3 mention that it could be useful in case we wish (someday) to extend the current theorem to handle a sequence of

PC-NQTHM-like commands.

13. Proposition. GENRALIZZ-STATEP

(IMPLIES (GENERALIZ-OKP SG STATE)
(STATEP (GENERALIZE SG STATE)))

The function GENERALIZE is actually rather subtle, and the proof is more subtle than one might initially

3 expect. Our approach in the mechanized proof-checking exercise was to break this theorem into major

subtheorems, some of which were broken down further, and so on. In each case we checked that the theorem

followed from its subtheorems, by adding the subtheorems as (temporary) axioms and running the Boyer-Moore

theorem prover on the desired theorem (after proving minor subtheorems on which the theorem also depends;

these are omitted in the diagram below). This approach will appear upon inspection of the file

,generalize.events" in the Appendix. In fact this top-level structure of the proof is rather evident upon

inspection of the final file "generalize.events" in the Appendix, and is also evident in the structure of the final

I
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section of the paper. Here is a brief summary, for convenience. We refer to the theorems by name as well as by

the numbers associated with them in the file "generalize.events". 3
atan-thiLr na-t1 -sr a y u e

uain-a-t elaraa - 6--4

I
/

II
/ \

nln-hyps-rlevod-5 6atn-rypa-z.e1l ved-6 t / \ I
/ \ Samn-p -ma f. -frst n-hyps-a uffp ape-est

/\
/\

eudn-hira-ro taiwd-s - fcrpt.....e mins- of e-v.ts -g ineves at. i t. a/ I I
/ I\

/ aimn-hyp-relievd--ret-lem-2 \
aan-hp-elieved- 6-reat -lem-1 aain-hyp-relieved- 6-rat -general lzat £on 3

1.4 Summary of the rest of the paper

It's problematic bow best to describe a proof checked with the Boyer-Moore prover. The appendix at the 1I
end of this report contains a complete list of events, including supporting events about sets, alists, terms, and

proof theory. However, most readers will only find this list helpful for reference, at best. In the paper proper

we outline a proof of the main theorem with a liberal amount of explanation. The development will refer to

events in the appendix, but (as indicated above) will also display the events using conventional mathematical 3
notation. Therefore, familiarity with Lisp notation is not a prerequisite for being able to follow the treatment

here. There actually is one exception that we mention now: semicolons (;) denote the start of comments, so 3
that all characters from a semicolon up to the end of the line should be viewed as informal comments only.

The following section (Section 2) presents the underlying logical preliminaries such as the notion of term.

That is followed by a presentation in Section 3 of some basic but important lemmas about these notions.

Section 4 then presents further notions specific to the theorem in question, culminating with a statement of that

theorem. Finally, Section 5 contains a proof of the theorem that closely follows the mechanically-checked

proof. Thus, one may view the final section either as being simply an informal proof of the theorem in English

or as being a guide to the mechanically-checked proof.

The appendices contain four files of events that replay in the Boyer-Moore theorem prover as extended by I
notions of theories and LET notation (as described in [10]), first-order quantifiers (as described in [12]), and

functional variables (as described in [4]). The first three of these sequences of events can be viewed as basic U
I
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supporting libraries, corresponding to Sections 2 and 3 below. The last file may be viewed as the proof proper,3 including relevant definitions, and thus corresponds to the final two sections below.

2. Basic Notions

This section presents a number of primitive notions such as those of a variable, a term, and a substitution.

Though these are quite standard, we state here the definitions of these notions used in the mechanically-checked

proof development. We divide into subsections corresponding to the event files "sets.events", "alists.events",

and "terms.events", all of which may be found in the Appendix, where complete definitions may be found. A

brief introduction to the Boyer-Moore logic and to some of our conventions in this paper may be found in

Subsection 1.1 above.

2.1 Sets

The event file "sets.events" forms the lowest-level foundation for our proof development. Here is a brief

and very informal description of some of the functions defined in that file. The reader is referred to the

Appendix for the actual definitions and for a number of basic lemmas. For convenience we indicate ordinary

mathematical notation which "corresponds" to these notions. The correspondence isn't quite accurate since we

3 will feel free to ignore the distinction between sets and lists for this purpose.

e (LENGTH L) or I1: the number of elements in the list L

e (SUBSETP X Y) or z C y: equals T if every member of the list z is a member of the list y,
otherwise returns F

* (DELETE X L) or 1 \ { z: the result of deleting the first occurrence of X from the list L

* (DISJOINT X Y) or z r y - 0: equals T if X and Y share no common member, elser
* (INTERSECTION X Y) or z n y: the subsequence of the list x consisting of members of the

list y

e l(SET-DIFF X Y) or z \ y: the subsequence of the list z obtained by removing members of

* (SETP X) or setp (z): equals T if the list z contains no duplicates, else FU (MAKE-SET X) or make-set (x): a list with no duplicates that has the same members as
does z

3 2.2 Alists

Here is a brief and very informal description of some of the functions defined in the file "alists.events".

3 The reader is referred to the Appendix for the actual definitions and for a number of lemmas.

* (ALISTP X) or alistp (x): equals T if • is an association list (alist), i.e. a list of ordered
pairs

o (DOMAIN MAP) or domain (map): a list of all first components of ordered pairs from map

e (RANGE MAP) or range (map): a list of all second components of ordered pairs from MAP

I
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(VALUE X MAP) or map (W): the second component of the first ordered pair in map whose
first component is z; we speak of this as being the value associated with z in map

" (INVERT MA ) or map-1 : returns the alist obtained by switching the first and second I
components of every ordered pair belonging to map.

" (MAPPING MAP) or mapping(map): equals T if map is an alist whose domain has no
duplicates, else V 1

" (RESTRICT S NEW-DOMAIN) or S I new-domain: the subsequence of a consisting of
pairs whose first components are members of new-domain.

" (CO-RESTRICT S NEW-DOMAIN) or S I - new-domain: the subsequence of a consisting
of pairs whose first components are not members of new-domain.

2.3 Terms I
One typically defines the notion of term by recursion: a term is either a variable or the application of a

function symbol to a list of terms (of an appropriate length). Our formal definitions of term and of various

auxiliary notions will parallel this informal recursive one. This subsection is a summary of the file

"terms.events", which may be found in the Appendix. I

We'll begin with the notion of a variable. We could define the function VARIABLEP, thus specifying it I
as a unique function. However, we prefer to add an axiom asserting only some reasonable properties of this

function, so as not to over-specify the notion of variable. Since the act of simply adding an axiom 4 does not

guarantee in general that the resulting theory is consistent, instead we will use an extension of the Boyer-Moore

logic reported in [4] which allows an event form called CONSTRAIN. Perhaps the best way to explain 3
CONSTRAIN is in the context of the example displayed below. The event below has name VARIABLEP-

INTRO, and the designation (REWRITE) indicates that it is to be stored as one or more rewrite rules. It asserts 3
that no LISTP object (i.e. ordered pair) is a variable, and that VA.IABLEP returns a boolean value. The last

argument of CONSTRAIN below, namely ( (VARIABLEP NLISTP) ), instructs the system to show that this 3
axiom is consistent by showing that it holds when VARIABLEP is replaced by the function NLISTP (which is a

predicate holding of objects that are not ordered pairs). Thus, we'll refer to this argument of a CONSTRAIN 3
event as the witnessing alist. In fact, use of CONSTRAIN guarantees more than consistency -- it guarantees

conservativity, in that no new theorems can be proved for the existing history in the presence of this axiom (see

[4] for more on this).

I
'with the Boyer-Moore event type ADD-AXIOM 3

I
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I Introduction of VARIABLM.

- v&riablp(<a,b>) A (variablep(X) - T v variablop(x) - 7)

(CONSTRAIW VA1RIABLP-flITRO (REWRI Z)
(AND (IWSm. (Z.ZSTP X)

(NOT (VARIABLEP X)))
(OR (TRUEP (VARIABLEP X))

(VALSE (VARXABLRP X))))

3 The function VAR.ABLZ-LISTP recognizes lists of variables. We use the standard mechanism for

representing quantification over lists in the Boyer-Moore logic, namely, primitive recursion.

Definition of VARIABL-LiSTP

variable-listp(x) w (V v E x) variablep(v)

(Dram VARIA Z-LISTP (X)
(IF (LISTP X)

(AM (VmRIABL P (CAR X))
(VARIABLU-LISTP (CDR X)))

(EQUAL X NIL)))

3 The next notion auxiliary to the notion of term is that of a function symbol. It is not important for the

development that follows to know anything about the notion of a function symbol except that there is at least

3 one 0-place function symbol (i. e. constant symbol), which we call (FN). Below is the appropriate

CONSTRAIN event, which introduces FUNCTION-SYMBOLP and FN and asserts that (FN) is a function

symbol. Notice that the "witnessing alist" suggests that the prover check this axiom with

FUNCTION-SYMBOL-P replaced by LITATON and with FN replaced by the constant function that returns the

literal atom ' ZE .

Introduction of ?UNCTION-SYMBOL-P.

Let (FN) be an arbitrary finction symbol, where for example3 (FN) could be 'ZERO and FUNCTION-SYMBOLP could be LITATON.

(CONSTRAIN FUNCTION-SYMBOL-INTRO (REWRITE)
(FUNCTION-SYMBOL-P (FN))
((FUNCTION-SYMBOL-P LITATOM)

(FN (LAMBDA () 'ZERO))))

3 Now in order to define the notion of a term one has to define the notion of a list of terms as well. We will

define these using mutual recursion, employing a standard trick for representing mutually recursive definitions

3 in the Boyer-Moore logic: if FLG is not F then (TERMP LG X) asserts that X is a term (informally,

termp(x)), and otherwise (TERMP FLG X) asserts that X is a list of terms (informally,

3 termp-list (x).5

5Some Boyer-Moore prover users like to use 'LIST and T for the two explicitly-mentioned values of the FLG parameter in such
situations. However. we found that a heuristic for defeating excessive backchaining was defeating some of our rewrite rules in that case.

I
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Derfan of TRW (and tozo-list)

t.=*(X) N
VazLablop(x) v l
terp (y1 ) A ... A teruP(YU)

whaere x is <f yj ... ya> and funation-symbolp(f) I
teZP-ist(Y 1 ... ya>)) * [torap(y1 ) A ... A termp(y.)] 3
(DraN TZEW (FLG X)

(IF FIG
(IF (VARXABLEP X)

(IF (LISTP X)
(AND (FUNCIo0N-SYnMOL-P (CAR x))

(TERJWI (CDR X)))
7))(IF (LISTP X)

(AND (TMW T (CAR X))

(TZRM r (CDR X)))
(EQUAL X NIL))))

The function A.L-VARS returns a list of all variables in z, where z is a term if fig is not r and a list of terms

if fig is F). It does not bother to eliminate duplicates. 3
Defmiion of ALL-VANS

If x is a temn, then
a11-vars(x) - {x) jfxisaariable,else

u (all-vara(y): y isanargument of x)

all-vars(< 1 .... x>) = U (all-vars(xt): 1 5 1 S n)

(DEVYl ALL-VANS (FLG X)3
(Il FLG

(IF (VARZABLP X)
(LIST X)

(IF (LISTP X)

(ALL-VANS V (CDR X))
NIL))

(IF (LISTP X)
(APPEND (ALL-VARS T (CAR X))

(ALL-VARS F (CDR X)))

We also need to implement some notion of instantiation. A substitution is essentially a function that l
maps terms to terms, represented as a list of term pairs. Of particular interest is the class of variable 3
substitutions, where the domain consists of variables:

Definiion of VAR-SURSTP

var-&ubStp(u) 0 Mapping(8) A variable-liltp(domain(s)) A termp-list (range(s)) 3
(DEFN VAR-SUBSTP (S)

(AND (MAPPING S)
(VARIABLE-LISTP (DOMAIN S))
(T.E F (RACZ S))))

Given a substitution a (not necessarily a variable substitution), we define the instantiation 3
u/s

I
I
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of a term (or term list) z under the substitution a as follows. Notice that we follow the usual convention with

respect to the parameter flg, namely if flg is then is a list of terms, and otherwise z is a single term.
Defindi of SU ST

If x is aterm them:
x a - a(z) if z e domain(s); else,

x of variablep(x); *l.m,
<f Y11, Ya.B> it ,, is <f Y, . .

If ibala Y <y " y.> of te.a, thenSx a - <Y,/@ ... y.I.>

(DEFY sMLST (FLQ s X)
(17 FLO

(17 (NDM X (DOMIN S))
(VALUE X 3)

(17 (VAIABALXP X)x
(IF (LIS!P X)

(CONS (CAR x)
(SUBST 7 s (CD X)))

(TY (LISTP X)
(CONS (SUBST T S (CAR X))

(SUBST S (CDR X)))
NIL)))

3 The following simple fact is one of many obvious facts that need to be proved. It says that the property of being

a term (or term list, if FrG is F) is preserved by the application of a substitution.
3 Lemma. TEREP-SUBST

EteZup(x) A tezup-liat(range(a))] -+ termp(x/a)

[termp-lixt(x) A terwp-liat(zanqe(a))] - termp-lit(x/8)3 (I)WLIS (AND (TERNM 114 X)
(TZRN) r (RANGE S)))

(TER FLQ (SUBST FL4 S X)))I
Just as SUBST is used to apply a substitution to a term, the function APPLY-TO-SUBST is used to apply

one substitution to another substitution, i.e. to apply a substitution s1 to each term in range of another

substitution s2. We may informally write

S92 // al

to denote the application of s1 to s2 in this sense. Formally, we have:3 D'nierinon of APPLY-TO-SUBST

.2 // al - (<x,y/a1>: <x,y> e .2)

(DraU APPLY-TO-SU ST (51 S2)
(I (LIST? S2)

(IF (LISTP (CAR S2))

(CONS (CONS (CAAR S2) (SUBST T S1 (CDAR S2)))
(APPLY-TO-SUBST S1 (CDR S2)))

NIL))(APPLY-TO-SUBST 
S1 (CDR S2)))

I
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We may now define the composition of substitutions al and s2, which we write as (81 0 £2). This is

the substitution that, when applied to a term, is the same as the result of first applying the substitution al and

then the substitution 92. Let us display the definition of composition first in informal notation and then in

formal notation. (Here is a minor detail for those familiar with the Boyer-Moore logic or Lisp: the definition of

COMPOSZ mn the Boyer-Mootre logic may safely use APPEND rather than UNION because the function VALUE

only looks for the first occurrence of the key for which the value is to be found.)
Defaniia of coNeosi (o)

@1 * &2 - (al // &2) v f Cz,y> e &2: z 9 donain(al)).

(DEW COIMWO8Z (81 32)3
(hPPRIND (hPILY-!O-SUBST S2 Sl)

32))

The following lemma shows tha COMPOSE behaves similarly to ordinary function composition. We write the

lemma both in informal and in formal notation.

Lemma. CONOSZ-P.OPRRTYI

variable-listp (domain(s2)) A EtSCMp (X) V t~rMP-Iiat (X)]

N / al) /s2 - z/ (al * s2)3

(IHPLUS (ANlD (VASIBL-LISTP (DOHNfli S2))
(TW~W PO I) )

(ZQUAL (SUDS! PLO 52 (SUDS! PLW S1 X))

(SUDS! rLO (CONWOSK S1 82) X)))

The next notion illustrates our first use of quantifiers in this development. An extension of the Boyer-3

Moore logic and prover by first-order quantification is reported in E121. Briefly, the idea is that there is a new

event DEFN-SK, where the suffix --SK- refers to Skolemization, a well-known means for removing3

quantifiers that was invented by the logician Thoralf Skolem. Every DEFN-SK event in fact adds quantifier-

free axioms that uniquely define the indicated function symbol in a conservative extension (cf. 2.3) of the3

existing history. The DEFN-SK event below asserts that TERHI is an instance of TERN2, with the usual

convention that F7W indicates whether these are terms or term lists.
Definition of INSTANCE

instance(term,tem2) m (3 a) (var-substp(S) A (termi - trmL2/z) I

(DRYN-SK INSTAi4CZ (FLO TEM~ T2fi4)
(AXIS!S OiEK-WAY-U?4ZFIER

(AND (VAR-SUBSTP ONE-WAY-UNIIPIER)
(SQUAL Tiha (SURS! FLO ONE-WAY-UNIFIER TEM)))))

In fact the system adds the following axiom to "implement" this definition. The first conjunct gives a

su~fficient condition for TERHi to be an instance of TEP1M2: if TERM1 is the result of substituting a variable3

substitution ONE-WAY-UNIFIER into TERM2, then TERH1 is an instance of TERM2. The second conjunct
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I gives a necessary condition for TERMi to be an instance of TZRM2 (i.e. gives a consequence of

instance (tezml, tem2)): if TERMi is an instance of TERM2 then (ONE-WAY-UNIFIER F7W

TERMi TERM2) is a variable substitution such thiat TERHI is the result of instantiating TZRK2 with this

substitution. Let us state the axiom both in informal and in formal notation. In the informal version we winl

write the second conjunct in the natural order rather than the contraposed order of the formal version (which is
stated that way for technical reasons related to rewriting). The function ONz-WAY-UNIFIER is what isI generally called a Skolemfwaction, in that its only given property is that it provides a witness (in this case, to the

existence of an appropriate substitution).3 Axiom addedfor INSTANCE

C (vaz-subetp (a) A tGZal tezu2/s) -+ inutanas (tezal, tez=2)I
A

[inztana.b(tezul,tezu2) -. (var-substp(SO) A terAl - tez=2/sO)J

&O - on.-way-unifier (teral, t~z2)

(AND (I)LUS (AND (VAR-SU11S!P ONK-WY-UNWIIR)
(EQUAL TERMid

(INSTANCE (SU ES!1 L OE-AYUNFIR EPN2)
(IXPLINS (NOT (AND (VAR-SUBSTP (ONE-WAY-UNIFIER FLG TENM TEPJ(2))

(EQUAL TERMiI (SUNS! FLG
(ONE-WAY-UNIFIER FLG TEMa TERN2)
TIfM2)3 (NOT (INSTANCE FIG TERn2 !EM))))

Our final definition from "terms.events" is rather idiosyncratic to the application at hand; it will be used to3 construct a substitution that is used in the proof of the main theorem. nullify-subst (a) is a substitution

that maps the domain of S to the constant term (FN) .3 Definition of NULLIFY-SUES!

nullify-subst(a) - (<x,c>: <x,y> e al
where c is afized constant symbol3 (DEFN NULLIFY-SUS! (S)

(IF (LIS!P 5)
(IF (LIS!P (CAR S))

(CONS (CONS (CAAR S) (LIST (FNf))
(NULLIFY-SUES! (CDR S)))

NI)(NULLIFY-SUES! (CDR S)))

I 3. Some Basic Supporting Lemmas

3 In order to complete our mechanically-checked proof of the main theorem, we required a number of

lemmas about the notions introduced above. We present some of those in this section, for two reasons. First,

these lemmas give a flavor of the kinds of lemmas that appear in the libraries for this effort -- "sets.events",I "alists.events", and "terms.everns" -- and more generally, in other libraries as well. Second, we refer to these
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lemmas in some of the proofs that come later, but do noc wish to clutter the exposition there with such trivial

considerations. By the way. this is meant to be a representative list, not an exhaustive one.

T'he first lemma says that application of a substitution does not affect the domain.

lenma. DONAIN-APPLY-TO-SUBBT from "tenscvaus"I

domain(&2 // &I) - domain(*2)

(EQUAL (DOMAIN (ILY-TO-SUBST S2. S2))3
(DOMAIN S2))

The next lemma says that a substitution has no effect when its domain contains no variables occuring in

the term to which it is applied.3
Lanmna. SUBST-NOT-OCCUR (frm enseVuiz")

(t&rup (X) V terqP-2iat (X)) A vaziable-listp (domain (a)) A domain (s) n~ all-vara Cx)

(IMLIES (AND (TZRMF W X )
(VARIABLE-LISTP (DOMAIN S))
(DISJOINT (DOMAIN 5) (ALL-VIRS F14 X)))

(EQUAL (SUES! PLC S X) X))I

The following lemmas say that there is no effect when restricting (respectively, co-restricting) a3

substitition a to a subset z, as long as all of the variables of the term term to which a is applied belong to

(repectively, do not belong to) z- (In fact, they say that it is sufficient that none of those variables belong to3

z r) domain (a).)
Lemma. SUSST-RESTRICT (ffrom "tcrms.evanfs")3

domain(&) n all-vars(trm) Q X A
variable-litp(domain(a)) A

Etotu (term) v teru*-list (term))

-. term / (X f 8) - term / a

(IMPLIES (AND (SUBSETP (INTERSECTION (DOMAIN s) (ALL-vAP.s F11 TERM))
X)

(VARIAELE-LISTP (DOMAIN S))
(TERM) 714 TERM))I

(EQUAL (SUEST 714 (RESTRICT S X) TERM)

(SUES! F1G S TERM))))

Lemma. SUES! -CO-RESTRICT (froml"erms.evenu')3

x n domain(*) n all-vare(trm) - 0 A

variable-listp (domain(s)) A
[termp (term) v texap-list (term) I
-torn / (x I- a) - term / aI

(IMPLIES (AND (DISJOINT X
(INTERSECTION (DOMAIN S) (ALL-VARS F14 TERM)))

(VARIABLE-LIST? (DOMAIN S))

(TERN? F14 TERM))I
(EQUAL (SUES! 714 (CO-RESTRICT S X) TERM)

(SUES! 714 5 TERM)))
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I Two related lemmas say that one can drop a part of a subsiution whose domain does not intersect the

term in question.

Lemma. SUWS!-AIPZND-NOT-OCCUR-' (from tems.evens")

(tSeZp(x) v t*Zlp-1ifIt(x)) A
vziraibe-1iitp(domaun(&i)) A

aii-va.z(domain(al)) n ai1-vaza(x) - 0

z / (al u &2) - x / &2

I (IMIS (ANID (TMW PLO X)

VA RAB-LIS z (DOMAIN ) 3)

(DISJOIN! (ALL-VARS F (DO -I S))
(LL-VARS FL X)))

(ZQUAL (SUDST YLG (APPEND S1 S2) X)
(SUDST PIG S2 X)))

Lemma. SUDBT-?iPZND-NO!-OCCUR-2 (from"tcm.evets")

C (teZnp(x) V tGRp-1Lit(X)) A

vaziable-listp (domain (82)) AI11-vaza(domain (z2)) r ali-vazs(z) - 0

I x / (al uJ &2) - z / al

'(npLs(AD(¢XT-:L X)XS2
(DISJOINT (ALL-VAS F (DOMAIN S2))

(ALL-VARS PIA X)))
(EQUAL (SUBST VA (APPEND Si S2) X)

(SURST rLG Si X)))

The following rewrite rule is kept in a disabled state, meaning that it is not used by the Boyer-Moore

prover except when a hint is given to enable this rule. It is very useful when trying to prove that two lists do not

intersect, because it reduces that problem to the problem of showing that nothing can belong to both lists.

Functions such as DZSJOINT-WZT are often called definable Skolem functions in that they provide witnesses

to existential assertions (when they hold), in this case the assertion that x and y are not disjoint.6

Lamma DISJOINT-WIT-WTTNZSSES (from "sets.evenus")

w - C disjoint-wit(x,y) E X A diasjont-wit(x,y) e y I

(EQUAL (DISJOINT X Y)
(NO! (AND (IMBER (DISJOINT-WIT X Y) X)

(M MBER (DISJOINT-WIT X Y) Y))))

I The following lemma points out the obvious relationship between the domain of a restriction with the

domain of the given substitution.

I
6'The function DISJOINT-WIT is actually defined by recursion in "sets.evenLS". The idea of using definable Skolern functions in the

Boyer.Moor prover was broght to our auenion by Ken Kunen.

I
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Lamm( fr-RZSTICT om "alisu.ve s") 1

domain(a I don) - domain(a) r) don 3
(EQUAL (DOMAIN (RESTRICT S DON))

(INTERSECTIOW (DOMAIN 5) DOW)) I
The remaining lemmas are also rather technical, so we prefer to liist them without comment here.

Lemma. APPLY-TO-SUBST-IS-NO-OP-1OR-DISJOIXT-DONLN (rom "tema.evcts")

variable-listp(domain(al)) A domain(sl) n all-vas(range(*2)) - 0
-+ &2 // al a .2

(DWLIKS (ANeD (VRIANL-LISTP (DOMaIN Si))
(ALZS P S2)
(Tmw r (RNGEa S2))
(DISJOINT (DOILIN Si)

(TT-VARS I (RANGE S2))))
(EQUAL (.PLY-TO-SUBST Si 52) S2)) I

Laam. VALUZ-fIVnRT-OT-MIZR-OF-DOMAN (1ow is.evens)

g 6 Cang*(Bg) A domaina(a) n~ domain (sq) - 0
-+ sqg-(g) 4 domain(s) I
(IWLIES (ANED (MMiER 0 (RANGE SG))

(DISJOINT (DOMAIN S) (DOMAIN SG)))
(NOT (XDWE (VALUE G (INVERT SG))

(DOWM S)))) I
Lemma. VALUE-APPLY-TO-SUBST (rom "telms.xvesl)

g e dom in(s) -. (s // ug) (g) - a(q)/sg 3
(DMLIES (KlENDE a (DOMAIN 8))

(EQUAL (VALUE Q (IPPLY-TO-SUBST S 3))

(SUDS! T So (VALUE a S)))

The following obvious fact says that NULLIFY-SUBST does not alter the domain of a given substitution.

Lemma. DOMAIN-NULLITY-SUDST (from "tenns.eves") 1

domain(nullify-subst(a)) - domain(s)

(EQUAL (DOMAIN (NULLIFY-SUBST S))
(DOWMLIN S) ) )

Here is another important property of ULLIFY-SUBST. I

Lemma. DISJOINT-ALL-VARS-RANGE-APPLY-SUBST -NULLIFY- SUBST (from "tens.events")

termp-liat (rang. (s))

domain(sq) r all-vars (range (a // nullify-subst(ag))) - 0

(IMPLIES (TERM F (RANGE S))
(DISJOINT (DOMAIN SO)

(ALL-VA" r

(RANGE (APPLY-TO-SUBST (NULLIFY-SUBST SG)
S))))) 1

I
I
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4. Statement of the Main Theorem

In this section we state our main theorem, which should perhaps be called a "metatheorem", since it's a

theorem about formal theorems. The definitions in this section are all taken from the file "generalize.events",

which is the last file in the Appendix. The events in that file have been numbered, and we give those numbers

in the presentation below.

The first subsection below gives an outline of the high-level motivation for the definitions that follow.

This is followed by a presentation of the definitions required for the statement of the main theorem. Some

abbreviations are introduced in the third subsection. We conclude by stating the main theorem.

4.1 Motivation

In the introduction to this paper we discuss the original motivation for this work, which was to increase

our confidence in the correctness of a particular algorithm for generalization in the presence of free variables.

The following example is taken from the final section of [11]. It shows the necessity, for soundness, of having

some restriction on how the GENERALIZE command interacts with the set of free variables of the proof state.

Suppose that the history contains the rather silly (but correct) theorem that [z+1 < z -+ C] for some

contradiction C. Then to prove C, it suffices to prove [z+1 < z] for some z. In fact z here is what we call a

free variable in PC-NQTHM; this designation has the effect of allowing us to instantiate z to be anything we

like. Of course there is no value of z for which the statement [+.1 < zI is a theorem; there had better not

be, or else C would be a theorem! But suppose we allow ourselves to generalize this goal by replacing z+1 by

some new variable, say a. The goal then is [a < z]. If z were still a free variable, then we could instantiate

it to be a+1, which would leave us with the goal [a < a+1]. But this goal is a theorem, which is supposed

to imply that the original goal C is a theorem -- yet, C was chosen to be a contradiction!

One way around such a problem is to enforce the following rule: when generalizing with a substitution

that replaces terms ti with corresponding new variables v1 (e.g. replaces z+1 with a in the example above),

the system removes from the list of free variables any variable that occurs in that substitution (e.g. z in that

example). However, we can avoid removing quite that many free variables in general. The idea is that we must

at least remove from the list of free variables those variables that occur both in the new current goal and in any

of the terms being generalized away.

However, that set alone is not enough. Consider the theorcm

[z+1 < W A V W 21 -+ C

I
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where as above, C is contradictory. The to prove C should be impossible, but we can do it if we can prove

"appropriate" instances of the two goals [z+1 < v] and w - z]. Here "appropriate" means "via some

substitution whose domain is contained in the set of free variables of the new proof state"; that set is { z, v).

After generalizing (z+1] as in the previous example, we have the two goals [a < w] and [w - z]. 3
According to plan outlined just above, since z does not occur in the current goal [a < w] we may retain it on

the list of free variables, and since w does not occur in the term [z+l ] that was generalized away we may

retain it on the list too. But now if we instantiate both w and z with a+1 then we can prove the resulting goals,

a contradiction. 3

Here is an informal statement of the main result; a precise statement is of course the topic of the rest of

this Section. This material is adapted from Subsection 4.3 of [11]. We defer to the proof presented in Section 5 3
below further motivation behind choices made here.

" Fix a proof state state, i.e. a list of terms (goals) together with a list of free variables. 3
" Let ag be a variable substitution.

* Let state' be the result of applying the GENERALIZE command, with substitution sgmapping new variables to terms. Thus, the new current (top) goal is the result of substituting theinverse sg - " of sg into the current goal of state, and the remaining goals are unchanged.

Let FREE and FrEE' be the respective sets of free variables of state and state'. I

" Consider the symmetric binary relation Ro defined on FREE as follows: R0 (v,w) if and only if v
and w occur in a common goal of state'.

* Let R be the transitive closure of Ro . 3
" Let C be the range of R on the intersection of ME with the variables of the current goal in
state'.

" Let V be the set of variables that occur in the range of sg. U

In the second example presented above, C = {z, w) and V = {z), soC r) V = {z). With this 3
example in mind, loosely speaking we want to remove from FREE the set (C n V) consisting of all variables

from mREE that both occur in somewhere in the terms being generalized away and also have "anything to do

with" the new current goal (where "anything to do with" is defined in terms of the equivalence relation R).

The precise relationship specified between FREE and FREE' is as follows. 3
FREE' = (FREE \ (C n V)) \ (domain sg) 3

Here then, finally, is what we need to prove. It says that if the state is "valid" after generalization then it 3
was already "valid", where "valid" is as explained in Subsection 1.3: some instance, where only free

variables are instantiated, is a theorem. 3
I
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GENERALIZE SOUNDNESS THEOREM. Let G be the current goal in proof state state; let P be

the conjunction of the rest of the goals of state; let sg be a substitution mapping some variables not

occurring in state to terms; let G' = G/sg=1 be the current goal in the new proof state state'; and let

rnzz and FRzE' be the free variables of state and state', respectively. Suppose that for some

substitution s' with domain contained in FREE' I, I - (G' & P)/s'. Then for some substitution s with

domain contained in FREE, we have I - (G & P) /s.

An informal sketch of a proof of this theorem is outlined in [II]. Let us proceed with a careful and rather

formal, but (we hope) motivated treatmenL

4.2 Definitions for main theorem

Some terms are theorems relative to a given history. Here is the axiom that we introduce to capture the

essence of "theoremhood"; in fact this is the only axiom we introduce about the notion of theorem. As in the

introduction of the notions of variable and function symbol in Subsection 2.3, we use the CONSTRAIN

mechanism to guarantee the consistency of these axioms. The first conjunct says that every theorem is a term.

The second says that every instance of a theorem by a variable substitution is also a theorem.

1. Intioduction of T OREM.

(thorem(x) -+ termp(x) I
A

[(theoem(x) A vaz-aUbtp(x)) -+ -4 theo.r0(x/8)

(CONSTRAXN KORZN-INTRO (REWRITE)
(AND (IMLIKS (AM (THEOREM X)

FLG)
(TEEMP 17A X))

(IMPLIES (AND (THEOR.EM X)

(VAR-SUBSTP S))
(THEOREM (SUBST FVI S X))))

(THEOEM (LAMBDA (X) F) ) ) )

The corresponding notion of a list of theorems is obvious, and has properties (not listed here; see event #3 in the

Appendix) analogous to those for THEOREM in the event above.

2. Definition of THEOREM-LIST

theorem-list(x) a (V y e x) theorem(y)

(DRFN THEOREM-LIST (X)
(IF (LISTP X)

(AND (THEOREM (CAR X))
(THEOREM-LIST (CDR X)))

(EQUAL X NIL)) )

Next we wish to turn to the notion of a proof state, which is essentially a list of goals. We want to model

I
I
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a proof development methodology similar to the one in PC-NQTHM, as explained in the introduction,

especially Subsection 1.3. That is, we model a proof state as an ordered pair (a LISTP) consisting of a term list

(intuitively, a list of goals) together with a list of variables (intuitively, the free variables of that proof state).
4. Definition of STATIP

8tatOP(<gaala,fr..>) U t*rmP-liat(goals) A Variable-1istP (free)I

(DEFN STATEP (STATE)
(AMD (LIST! STATE)

(VARNIALE I7 (CAR STAT ) ))
(TUIAWAIS ( DR STAT) )

In order to state our main theorem we need a notion of valid state. This definition captures the corresponding

notion defned in [11], namely, a valid state is a state with the following property: for some variable

substitution on a subset of the free variables of the state, if one substitutes that substitution into the goals of the

state then the results are theorems. (The event type "DEFN-SK" is discussed above with the definition of

INSTANCE.)
5. Definition of VALID-STAT!

valid-at&t. ((goala.free-vax.>) m
(3 a) (Var-6Ubatp(a) A donain~a) Q free-varS A theorem-list (goals/a))

(DEIV-SK VALID-STAT! (STATE)
(AND (STALT!! STAT!)

(EXISTS WITNESSING-INSTANTIATION
(AND (VIR-SUBSTP WITNESSXNG-INSTANTIATION)I

(SUBSET! (DOMAIN WITNESSING-INSTANTIATION) (CDR STAT!))
(TEKORE-LIST (SUR8T F WITNESSING-INSTANTIATION (CAR STAT))))))

This definition adds a Skolem function WITIIESSiNG-INSTANTIATIEON. This function may be thought of as

picking out a substitution which, when applied to the goals of a given valid state, yields a list of theorems. Here

is the axiom added by the system for the DEFN-SK event above. As with the previous DEFN-SK eventI

introducing the function INSTANCE, this property of the witness is expressed by the second conjunct in the

following axiom (which is stated in the contrapositive in the formal version, for technical reasons).
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H Axxom aded for VALID-STATE

var-substp(S) A

dmis) 2(taetheorent-list (1 (stat.) Is)

valid4-state (stat.)3

[valid-stats (state)

gtatep(statG) AI ~Var-sUbgtp (80) A A

theorem-list (l M(stato) IsO)

&0O witnessing-instantiation (stat.)I

(ANWD (IWLIS (AND (STATE? STATE)
(VZR-SUSSTP WITNZBSING-INSTANTIATION)
(SUBSETP (DOMAfI WXTMtESSING-INSTANTIATION)

(CDR STATE))
(TUE3mI-LZST (SUS!T7WTMSN-NTNXTO

(NOT~CA (ANT(SATE STTE
(VUDS AR SUE)) W~ESIGISATAT TT)

(SUBSETP (DOMAIN (WITNESSING-INSTANTIATION STATE))

(CDR STATE))
(THSOREM-LIST (SURS! V

(WITNESSING-INSTANTIATION STATE)
(CAR STATE)))))

(NOT (VALID-STATE STATE))))

The following definition is auxiliary to GEN-CLosuR. Informally, we can say that given a list f ree of

"free variables" along with a list goals of terms and a list vars of variables (intuitively, a list of variables

that we've constructed so far in our process of forming the closure), then

new-gen-vars (goals, f ree, vars) is a list of those members of f ree that occur in a goal in goals

that contains an occurrence of a variable in vars.
6. Definition of NEW-GUN-VARSI new-gen-vars (goals free vars)
u (free n~ all-vare(g): free n~ all-vare(q) n~ vars * 0)

(dafn new-goa-vars (goals free Vars)
(if (listp goals)

;see below for explanaion of LET
(let ((current-free-vars (intersection free (all-vars t (car goals)))))

(if (disjoint current-free-vars wars)
(new-gen-vars (cdr goals) free vars)

(append current- free-wars
(new-gen-vars (edr goals) free wars))))

ail))

Notice the use of LET above. We use an extension to the syntax of the Boyer-Moore logic in which LET has

the same meaning as it does in Common Lisp (11; see the third appendix of the PC-NQTHM manual [101 for

details. So for example, CURPENT-FREE-VARS in the definition above should bc viewed as an abbreviation

for (INTERSECTION FREE (ALL-VARS T (CAR GOALS))),
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i.e. for fres n all -vars (1 st (goals)).

I
Now we can defime the closure referred to above. We may speak of

gen-closure (goals, ree, free-vars-so-far) as "the GIN-CLOSURE of 3
free-vars-so-far with respect to goals and free." The recursive nature of the definition of

GEN-CLOSURE makes it a bit difficult to express informally; our apologies are probably in order for the rather

obscure informal definition below.

10. Defmiion of GUN-CLOSUMZ

gen-olosure (goals, free, free-vars-so-fa) - x n free, where
z is the leatfixedpoint ofthefuction
(X x . [free-vars-ao-far U new-gen-vars(goals,free,x) 1)

(DZu GZU-CLoSURZ (GOALS VRE RZZw-VAS-SO-IIR)
(LUT ((NZW-IRZZ-vX8S (NW-G3-V3kRS GOALS FREE I RZ-VASR-SO-IIR)))

(IF (SUBSZTP INW-IFlSS-VAIS IFU-VARS-SO-FAR)
(ZNESESCTION -VILRS-SO-ALR IRiS)

(GEN-CLOSUPZ GOALS FREE (APPEND NKW-IUS-VARS FRE-VARS-SO-II))))
the following hint is explained below

((LEssP (CARDINALrT (SET-Drll FREE IRIS-VARS-SO-FAR)))))

Notice that the definition above is recursive. The Boyer-Moore logic requires a proof in such cases; one might

call this a "termination proof". The proof obligation is actually completely precise and need not be understood

in the context of termination of some execution, though that's a reasonable motivation. Informally speaking,

the hint (LESSP (CARDINALITY (SET-DIFF FREE FREE-VARS-SO-FAR))) at the end of the

"DEFN" event above instructs the system to prove that the cardinality of (free \ free-vars-so-far)

decreases on each recursive call of the function GEN-CLOSURE. Formally, the proof obligation in this case is

as follows.

( new-free-vars Q free-vars-so-far
--4

I free \ (new-free-vats u free-vars-so-far) I < I free \ free-vars-so-far I
where new-free-vars - new-gen-vars (goals, free, free-vate-so-far)

(LET ((NEW-FREE-VARS (NEW-GEN-VARS GOALS FREE FREE-VARS-SO-FAR)))
(IMPLIES (NOT (SUJSITP NEW-FREE-VARS FREE-VARS-SO-FAR))

(LXSSI (CARDINALITY (SiT-DIll FREE
(APPEND N.W-FREE-VARS FREE-VARS-SO-FAR)) )

(CARDINALITY (SET-DIFF FREE FREE-VARS-SO-FAR)))))

Inspection of the file "generalize.events" shows that a couple of lemmas were provel to help with the I
termination proof. In particular, the following lemma is easily proved by the system using induction. (A

moment's reflection will suggest its utility in the proof of the termination goal displayed just above.)

8. Lemma. NEW-GEN -VARS-SUBSET

new-gen-vars (goals, free, vans) a free 3
(SUESETP (NEW-GEN-VARS GOALS FREE VARS)

FREE)) I
I
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H Now let us formalize the hypothesis under which the GENERALIZE command (to be defined shortly) is

allowed to be executed. The GENERALIZE command is intended to apply the inverse of some variable

substittuion sg to the top goal in the current proof state. Thus in the examples presented earlier in this section,

the generalization obtained by replacing z+1 by a is represented by the variable substitution (<, z+l>).

As for the other parameters below: state is a proof state, the domain of sg is disjoint from the variables

occurring in the goals of the state, there is at least one goal in the state, and the domain of sg is disjoint

from the free variables of the state. We take liberties in the informal version below by writing state as

<goals, free>.

11. Definition of GENERALIZE-OKP

gqneralize-okp(g, <goal,, ffree>) -
[var-substp (ag) A
&t&tep (<goal., free>) A
domain(sg) n all-vaza(goala) - 0 A
goal& * 0 A
domain (sg) n free - 01

(DEFN GENERALIZZ-OKP (SG STATE)
(AND (VAR-SUESTP SG)

(STATEP STATE)
(DISJOINT (DOMAIN SG)

(ALL-VARS F (CAR STATE)))
(LISTP (CAR STATE))
(DISJOINT (DOMAIN SG) (CDR STATE))))

We define the function GENERALIZE to take a substitution sg and a proof state state and return a new proof

state.7 The goals of the new proof state are the same as the goals of state except that the first (i.e. top,

current) goal has been modified by substituting the inverse of the variable substitution sg into the first goal of

state, and the list of free variables has been (possibly) reduced.

12. Definition of GENERALIZE

generalize(ag, <{g) u p, free>) -
<new-g,
free \ (gen-closure((new-g) u p, free, all-vars(new-g)) n all-vart (range (ag)))>

where new-g ; g/qg
-1

(DEFN GENERALIZE (SG STATE)
(LET ((G (CAAR STATE)) ;, the current goal

(P (CDAR STATE)) ;; the rest of the goals
(FREE (CDR STATE))) the free variables

(LET ((NEW-G (SUBST T (INVERT SG) G))) ;,the new current goal
(LET ((DOMAIN-I , potentially "bad"fee variables

(GEN-CLOSURE (CONS NEW-G P)
FREE
(ALL-VARS T NEW-G))))

(LET ((NEW-FREE ;; the new free variables
(SET-DIFF FREE

(INTERSECTION DOMAIN-I (ALL-VARS F (RANGE SG))))))
(CONS (CONS NEW-G P)

NEW-FREE))))))

7"he set DOMAIN-1 in the definition below is what is called C in 4.1 above; the name suggests (and is closely related to) the domain of a
substitution S1 that appears later, during the proof.

I
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4.3 Some abbreviations

Before we state the main theorem, let us introduce some abbreviations for terms that occur repeatedly

throughout the rest of this exposition. As usual, we'll use both informal notation and formal notation to

introduce these abbreviations. Abbreviations will appear in italics font.
* - witnessing-instantiation (genoalize (sg, stat))
S = (WTHWSSING-ISTATIATION (GENRALXZZ SG STATE))

goals - l(state)
GOALS - (CAR STATE)

g - 1(goals)
G - (CAR GOALS)

p 2nd(goals)
P - (CDR GOALS)

free - 2zd(state) I
FRE (C:DR SATE) i

- = g / ag "-
NEW-G - (SUsT T (INVERT SG) G)

damain-I - gen-olosur*(<new-g,p>, 2"d(state), all-vars(new-g))
DOMAIN-) - (GIN-CLOSURB (CONS NEW-G P)

FREE
(ALL-VARS T NEW-G))

sl - s I domain-]
Si - (RESTRICT S DOMAIN-i)

j2 - (s I- domain-]) // nullify-subst (ag)
S2 - (APPLY-TO-SUBST (NULLIFY-SUBST SG) (CO-RESTRICT S DOMAIN-i))

gean-im - (a u s2) II (;g II 2)
GFN-INST - (PPLY-TO-SUBST (APPLY-TO-SMIST S2 sr) (APPzND Si S2)) I

Let us use the abbreviations introduced above to restate the definition of GENERALIZE. I
12. Delimition of GENERALIZE

generalize(ag, <{g) V p, -ee>) -
<Mew-g,
free \ (domain-i n all-vars (range(mg)))>

(Dr GEN.RALIZE (Sr. STATE)
(CONS (CONS NEW-G P)

(SET-DiFS FREE
(INTERSECTION DOMAIN-I (ALL-VARS F (RANGE SG))))))

4.4 Statement of main theorem

Finally we can state the main theorem. It says that if the preconditions of the GENERALIZE command

are met and if the result of applying this command is a valid proof state, then the original proof state is valid. I
I
I
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U 62. Theorem. GZRALIZE-19-CORRECT

generalize-okp (sq, state) A valid-state (generalize (sg, state))
-+ valid-state (state)

(IMLIES (AND (GEZNERLIZZ-OKP SO STATE)
(VALID-STATE (GENERALIZE SO STATE)))

(VALID-STATE STATE))

5. Proof of the Main Theorem

In this final section we outline the mechanically-checked proof of the main theorem

GENERALIZE-IS-CORRECT displayed above. We actually break this proof into three parts. First we show

how to reduce the main theorem to two lemmas. Then we devote the remaining two subsections to the

respective proofs of those two lemmas.

5.1 Reducing the theorem to two lemmas

First of all, notice that by definition of VALID-STATE it suffices to find some substitution, call it

gen-inst (sg, state), for which we can prove the following fact.
61. Lemma. MAIN-THEOREM-1

generalize-okp(sg, <goals, free>) A valid-state (generalize (sq. <goals, free>))

statep (<goals, free>) A
VIC -h~btp (Wit) A

domain(wit) Q free A
theorem-list (goals/wit)

where
wit - qen-inst (sq, state)

(LET ((WIT (GE-INST SO STATE)))
(IMPLIES (AND (GENERALIZE-OXP SC STATE)

(VALID-STATE (GENERALIZE SC STATE)))
(AND (STATEP STATE)

(VAR-SUBSTP WIT)
(SUBSETP (DOMAIN WIT) (CDR STATE))
(THEOREM-LIST (SUEST F WIT (CAR STATE))))))

Such a variable substitution wit = gen-inst (sg, state) can be constructed as follows (see also

Subsection 4.1 for motivation). Let a be a variable substitution that witnesses the validity of the state

generalize (ag, state). Let domain-1 be the GEN-CLOSURE of the variables occurring in the new

current goal (which is the result of applying the inverse of the generalizing substitution to the current goal), with

respect to the new goals and the existing list of free variables. Then the desired substitution

gen-inst (sg, state) may be defined as follows.

I
I
I
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14. Defitition of =-INST
(Recall that tens in itlas am abbbtaviations. See Subsection 4.3 for an explanation of the abbreviatons.)

gen-inat(sg, state) i
(s] u s.) // (ag II s2)

(DXII GZN-INST (SO STATE)
(IPPLY-TO-SUJST (APPLY-TO-SURST S2 SO)

(APPEIND Si S2)) ) I
The first three conjuncts of the conclusion of MAIN-THEOREM-1 are now quite trivial; they correspond

to events #15, #17, and #19 in the numbered list of events from "generalize.events" in the Appendix (and are

named MAIN-THEOREM-I-CASE-i, MAIN-THEOREM-I-CASE-2, and MAIN-THEOREM-1-CASE-3).

The first of these, statep(state), is clear by definition of GENERALIZE-OKP. The second,

var-substp (gen-inst (sq, state) ), is clear from the way that gen-inat (sg, state) is built from

variable substitutions. The third, domain (wit) r 2nd (state), is also straightforward, though (like many

simple results proved with the Boyer-Moore prover) it uses basic "library" facts such as the lemma DOMAIN-

APPLY-TO-SUBST (see Section 3 above). A key observation for that case, which is specific to our notion of I
generalization, is the fact that the set of free variables of the state obtained by applying the GENERALIZE

command is a subset of the set of free variables of the original state: m
18. Lemma. SuSSETP-CDR-GE IEI.AIZE

2 -d (generalize (sq, state) ) Q 20d (state)

(SUISZTP (CDR (GUNERALIZE SC STATE))

(CDR STATE))

It remains then only to check the last of the four cases from the conclusion of MAIN-THEOREM-i, i.e. to

prove the following (stated using abbreviations, in italics, from Subsection 4.3).

60. Lemma. MAIN-THEOREM-1 -CASE- 4 I
genoralize-okp(&g, at&t) A valid-state (generalize (sq state))

theorem-list (goals / gen-inst)

(IMPLIES (AND (GRNERALIZZ-ORP SG STATE)
(VALID-STATE (GENERALIZE SG STATE)))

(THEOREM-LIST (SUBST F GEN-INST GOALS))) I
The idea now is to introduce a new predicate MAIN-HYPS that that abstracts the hypotheses that are

needed, and then split the proof into two parts. First, we show that MAIN-HYPS implies the result for arbitrary

substitutions and goals. Second, we show that MAIN-HYPS holds of the particular substitutions and goals in

question. Thus the first part, MAIN-HYPS-SUFFICE below, states that the bizarre-looking substitution ( (sl

u s2) // (sg // s2)) (which however is closely related to the definition of GEN-INST) serves to I
I
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I create a list of theorems, assuming that )A.IN-HYPS holds of the relevant substitutions and goals. The other

part, MAIN-HYPS-RELIEVED, shows that N&!N-KYPS holds of the necessary substitutions and goals.

Notice that we do not use abbreviations in the first of the following lemmas; as suggested above, it holds

of arbitrary substitutions and goals. However, it is applied (by the theorem prover's rewriter) under the

particular instandation (S1 := S1, S2 S2, GOALS := GOALS).
I 27. Lemma. 3AZN-HYPS-SUWICE

main-hypa (si, z2, s, g,p)3 m -+ theorem-isat({g) U p / ((81 U s2) // (ag // 42)))

(IMLIES (AND (LISTP GOALS)
(M.N-HYPs Si S2 SO (CAR GOALS) (CDR GOALS)))

(T UZOnM-LIST (SUBST F
(APPLY-TO-SU ST (APPLY-TO-SUST S2 SO)

(APPEND S1 S2))

59. Lemma. MLIN-BYPS-RZLIUVEDSgeneralize-okp (sq, 8tate) A valid-state (generalize (ag, state))

main-hyps (sl, s2, sg, g, p)

(IMPLIES (AND (GENELIZZ-OIX SG STATE)
(VALID-STATE (GENERALIZZ Sr STATE)))

(MI-MRPS Si S2 Sr G P))

The proof now naturally splits into two parts, one for each of the two lemmas displayed immediately

above. We close this subsection with the remaining definitions before turning to the proofs of these two

remaining lemmas in the respective subsections below. First, here is the definition of MAIN-YPS.

21. Definition of MAN-MYPS

main-hyps (&1, 2, sg,q,p) a
[ terup(g) A

all-vars(g) n" domain(sg) - 0 A
teCNp-1ist (p) A

all-vars(p) r) domain(sg) - 0 A
gen-settinq-substitutions (s1, s2, sg) A

theorem-lit(((q/&g
"1

) u p) / (*I u a2))

(DEFN MAIN-YPS (S1 S2 SG G P)
(AND (TERIP T G)

(DISJOINT (ALL-VARS T G) (DOMAIN SG))
(TEPRP r P)
(DISJOINT (ALL-VARS F P) (DOMAIN SG))

(GEN-SETTING-SUBSTITUTIONS S1 S2 SG)

-(THEOREM-LIST (SUBST F (APPEND S1 S2)
(CONS (SUBST T (INVERT SG) G) P)))))

The auxiliary function GEN-SETTING-SUBSTITUTIONS is defined as follows.

I
I



I
30 I

20. Defunition of G=N-SZTTIrNG-SUSTITUTIOVS

gen-aetting-substitutiona (l, a2, aq) .
Evz-subnbatP(sl) A I

var-aubtp (&g) A

domain(al) r) domain(sq) - 0 A

domain(&2) r domain(sg) - 0 A
all-vaza(range(ag)) rN domain(al) - 0 A
all-vas (range(2)) rn doman(sg) - 0 1

(DDN QZN-S TXNIG-SUDSTITU IONS (S1 S2 SO)
(AND (VAR-SM1STP 51) I

(VAR-SUBSTP S2)
(vIL-sUBsTs, sr.)

(DISJOINT (DOMAIN 51) (DOMAIN SG))
(DISJOINT (DOMAIN 82) (DOMAIN SG))
(DISJOINT (ALL-VAS r (RANGE Sa))

(DOMAIN 31))
(DISJOINT (ALL-VMNS r (RANGE 82)) (DOMAIN Sr.))))

5.2 Proof of the lemma MAIN-HYPS-SUFFICE

Let us state the lemma once again.
27. Lemma. MAIN-HYPS-SU ICE

main-hyps (al, s2, sg, g, p)
-4 theorem-li.t((q) v p / ((al U &2) // (aq // a2)))

(IMPL-IS (AND (LISTP GOALS)
(MAIN-HYPS S1 52 SG (CAR GOALS) (CDR GOALS)))

(TZOREM-LIST (SUDST 1
(APPLY-TO-SUBST (APPLY-TO-SUBST S2 SG) I

(APPEND S1 S2))

GOALS) ) )

If we apply the definitions of SUBST and TREOREM-LIST in the expression above, then we see that it suffices I
to prove the following two properties. (Think of g as the current goal and of p as the rest of the goals.)

24. Lemma. M)_IN-EYPS-SUFFICZ-FIRST I
main-hyp(al,a2,sg,qp) -+ theorem(g / ( (al u &2) // (g // a2) ))

(IMPLIES (MAIN-HYPS S1 S2 SG 0 P) I(THEOREM (SUBST T E
(APPLY-TO-SUBST (APPLY-TO-SUBST S2 SG)

(APPEND S1 S2))

G))) I
26. Lemma. MAIN-HYPS-SUFFICE-REST

main-hyps(1,s2,ag,g,p) -+ theorem-list(p / u (s a 2 a) // (sg // a2) ))

(IMPLIES (MAIN-EYPS S1 S2 SQC P)
(THEOREM-LIST (SUEST F

(APPLY-TO-SUBST (APPLY-TO-SUBST S2 SG)

(APPEND S1 S2))

P)))

Let us consider these two cases separately. I

I
I
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5.2.1 Proof of the lemma MAIN-HYPS-SUFFICE-FIRST

Consider the first of these two lemmas, MAIN-HYPS-SUFFICE-FIRST. Let us begin by arguing

informally for its correctness. The last conjunct of mmN-HYPS implies, assuming the hypothesis of the

lemma, that (g/lg - 1) / (a1 u n2) is a theorem. Now every instance of a theore. by a variable

substitution is a theorem (by the CONSTRAIN event THEOREM-INTRO, event #1 in "generalize.events").

Then MAIN-HYPS-SUFFICE-FIRST above follows if we can show that the proposed theorem is an instance of

(g/sg- ) / (sl u a2). The following lemma therefore implies MAIN-HYPS-SUFFICE-FIRST.
23. Lanna. 3IBZ-HYJPS-SIMICZ-FIZRST-LEU)L

te=V(g) A AlL-vaza(g) n domain(sg) - 0 A gon-setting-ubstitutions(al,.2,sq)
-- )

g/q (& lv *2) // (ag // &2) ) - ((q / sg-1 ) / (aI - &2)) / (ag //s2)

(ZMLI S (AM (TZNW T G)
(DISJOINT (ALL-VA1W T 0) (DOMAIN 30))
(inI-1!TZNG-SUBsT8TIUIOS S1 32 30))

(EQUAL (SUDS! T
(APPLY-TO-SUBST (APPLY-TO-SUBST S2 SO)

(APPEND S1 S2))
0)

(SUBST T (APPLY-TO-SUBST S2 SG)
(SUBST T (APPEND S1 S2)

(SUST T (INVERT SG) G)))))

Let us see why this lemma holds, and in doing so, discover some of the motivation for the properties embodied

in mAIN-wYmS. Assume the following hypotheses, the last of which is the inductive hypothesis. Note: we'll

see during the proof what we need here about GEN-SETTING-SUBSTITUTIONS.

termp (g)

3 all-vars (g) r) domain (ag) = 0

gen-setting-substitutions (sl, s2, sg)

(I1) g' / ( (a1 u a2) // (ag // s2) )
f ((g' / ag 1 ) / (al u s2)) / (sg // z2)
for all subterms g' of g

I The proof now breaks into three cases. We omit a few details but give many others, just to show the kind of

considerations required in the mechanically-checked proof.I
Case 1: g e range (ag), say g = sg (v). Then we have, working with the right side of the goal

equation:

I
I
I
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((g / sg-) / (s U s2)) / (ag // e2)
S(defition of v)

(v / (al u s2)) / (sq // s2)
( [by Lemma SUBST-NOT-OCCUR, Section3, since v e domain(s1 u s2)

by definition of GN-SETTING-SUBSTITUTIONS)
w / (ag // s2)
= [since v E domain(g)) I
(sg // s2) (v)

- (definitions of v and/I)
g /.2 I

On the other hand, reducing the left side of the goal equation we have

g / ( (s u s2) // (ag // s2) ) I
( [by SUBST-APPEND-NOT-OCCUR-2 (cf. Section 3), since by the

GEN-SETTING-SUSTITUTIONS hypothesis we have
all-vars (range (sg)) r' domain(sl) - 0)

g / ( .2 /I (sg // 92) ) I
- (by the lemma APPLY-TO-SUBST-IS-NO-OP-FOR-DISJOINT-DOMAIN (cf. Section 3), since

dom-ain (sg) r) range (s2) - 0)
g /s2

Case 2: g e range (sg) and variablep (g).

((g / ag-1 ) / (91 u s2)) / (sg II s2)
- (since g a range(sg)}
(g / (al u n2)) / (sg // s2)
- [by the composition rule COMPOSE-PROPERTY, cf. Subsection 2.3)
g I ( (al. u s2) I/ (sg /I x2) ) u (sg II s2)
- [by the lemma SUBST-APPEND-NOT-OCCUR-2 (cf. Section 3))

I ( (al u s2) // (ag // s2) )gI

Case 3: otherwise. Then we may write g as <f vi v,>, and we have:

((g / sg -1 ) / (91 u s2)) / (sg // s2)
= (definition of SUBST, since by the case hypothesis, g is not in domain (sg - 1 )) I
<f vi/(Osl u 92)

v,/(sl u s2)> I (sg II s2)
(definition of SUBST again, since sq is a variable substitution)

<f (vj/(sl u s2)) / (sq // s2)

(vn/(si u s2)) / (sg /s .2)>
- (by the inductive hypothesis)
<f v/( (si 1 s2) /I (sg/ s2)

vn/( (s u s2) 11 (sq 1/ s2) )>
= (definition of SUBST)
g / (.(9l u s2) // (sg // s2))

Actually, a formalization of this proof in the Boyer-Moore logic tends to require one to prove the similar

I
I
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I theorem about lists of terms by a simultaneous induction. The theorem prover essentially carries out the above

argument in proving event #22 in "generalize.events", MAIN-HYPS-SUFFICE-FIRST-LEMMA-GENERAL,

which is a generalization we provide of MAIN-HYPS-SUFFICE-FIRST-LEMMA to both terms and term lists.

(That is, we leave fig uninstantiated.) The cases in the inductive argument correspond to the definition of

SUBST, so we supply the hint (INDUCT (SUBST FIG SG-I G) ) for this lemma. Notice that we also give

sg - 1 a name, ag-1, for the technical reason that such induction hints in the Boyer-Mc. prover must have

I variables in the argument positions.

22. Lmnina. )aXN-uPS-SUFlICZ-FIRUT-LIN-GZNEAL

I (tez (g) v te*Z-fiat(g)) A
all-vare(g) r) domain(sg) - 0 A
gan-..tting-aubatitutions (-1, -2, q) A

A sg-1 = sq1 I]I / ( (ml u &2) ag // ) ) - ((g / sg-1) / (aI v a2)) / (u //a2)

(134WLIZS (AND (TZRNW FLO G)
(DZSJOINT (ALL-VAMS PLG 0) (DONKIU S))
(CN-8STTzNG-SURSTzTUTONS 1 82 $G)
(EQUAL s-L (-NET sG))S)

(EQUAL (suBSTPL
(/APPLY-TO-SUBST (APPLY-TO-SUSST S2 SG)

(APEND S1 S2))
G)

(ST3ST VrW (APPLY-TO-SURST S2 SG)
(SUEST Mr. (APPEND Si S2)

(SUST PTG SG-1 G)))))

Finally, let us note that a number of trivial considerations that were ignored here must be dealt with in the

mechanical proof. Consider again, for example, the second step in the proof of the first case above:

(v / (al u s2)) / (sg // 92)
- by Lemma SUBST-NOT-OCCUR, Section 3, since v E domain(si u a2)

by definition of GEN-SZTTING-SUBSTITUTIONS)
v / (sq I/ s2)

I Why do we know that v e domain(si u s2)? The reason above is "by definition of

GEN-SETTING-SUBSTITUTIONS". If we think carefully here then we realize that this use of the definition

of GEN-SZTTING-SUBSTITUTIONS guarantees that the domain of sg is disjoint from the domains of si

and s2; so at the very least we need to know that v, i.e. sg "1 (g) , is a member of the domain of ag. A lemma

to this effect, VALUE-INVERT-NOT-MEMBER-OF-DOMAIN, has been included in Section 3. Another

example where we glossed over small details is in the following step from Case 1:

I (sg // 92)(v)
- (definitions of v and/I

9 /2

In fact we proved a lemma to accomplish this bit of reasoning; see VALUE-APPLY-TO-SUBST in Section 3

(with the confusing instantiation g:= v, sq := s2, a := sg).

I



I
34

5.2.2 Proof of the lemm MAIN-HYPS-SUFFICE-REST 1

Recall that the other half of proving MAIN-HYPS-SUFFICE is:

26. Lemma. 1ZN-1YS-SUFFCZ-RZST

gOalS * 0 A amin-hyps(al,s2,q, g,p)
-+ theozam-1ist(p / (sl u s2) // (ag // &2))

(IMPLIES (MNIN-HYPS Si 52 SG G P)
(TUEOREM-LZST (SUBS? r

(APPLY-TO-SUEST (APPLY-TO-SUBST 82 SG)

1)))I (APPEND 51 82))

Again we may use the property that an instance of theorem (or theorem list) is a theorem (or theorem list, 3
respectively). Therefore the property above follows from the following lemma, with FLG set to r and S set to

(APPEND S1 S2) (informally, 8l u s2), together with the definition of MAIN-HYPS.

25. Lemma. Z1N-HYPS-SUF7IZ-RIZST-DOI

ternp(p) A vaz:able-liztp(do=aan(sg)) A all-vaz.(p) r) domain(sg) 0 0 I
pI (s / (ag/ I s2)) - (p / s) / (ag // 2)

(IMLIES (AMD (TZEE 1W P)
(VARUAX -LZSTP (DOMAIN SG))
(DISJOINT (ALL-VARS lG P) (DOMAIN SG)))

(EQUATL (SUBST FLG

(APPLY-TO-SUEST (APPLY-TO-SUBST S2 SG)

P)
(SUBST FLG

(APPLY-TO-SUBST S2 SG)
(SUES? FLO s P)))) 3

This is actually quite a straightforward result, using the rewrite rule COMPOSE-PROPERTY displayed in

Subsection 2.3 above. Here is an informal sketch of the proof (but note that the theorem prover proves this

automatically from the previously proved -ules).

(p / a) / (sq // s2)
= (by COMPOSE-PROPERTY) I
p / (a e (sg // s2))
= (by definition of COMPOSE)
p / (a // (sg // s2)) u (<x,y> E (sg// 92): z L domain ()I
- (by SUBST-APPEND-NOT-OCCUR-2 (cf. Section 3), since by

hypothesis no variable occurring in p is in domain (sg // s2), i.e. in domain (sg)
(see DOMAIN-APPLY-TO-SUBST in Section 3))

p / (a II (sg // s2))PI
5.3 Proof of the lemma MAIN-HYPS-RELIEVED

The only thing left to prove is the lemma MAIN-HYPS-RELIEVED. Let us repeat the statement of that I
lemma, but opening up the definition of dAIN-HYPS. We will continue to use the abbreviations introduced in

I
Subsection 4.3 above.

I
I
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59. Lemma. NRIU-EYS-ZLZNVED (with NAIN-HYPS opened up)

generalize-okp (sq. state) A valid-state (generalize (sq.stat.))I termP(8) A
all-vara(g) r) dcmaia(sg) - 0 A

t*Zup-liSt (p) A
all-vars(p) n' dcaan(sq) - 0 A

g-stiqebtttesis2sgtheorm-list(((ew-S) %j p) / (s] u s2))

(INPLIZS (ANID (GZNZflLZZ-O" SQ STATE)
(VALID-STATE (GENSMALIZ3 SO STATE)))

(AND (TUJWP T G)

(DISJOINT (ALL-VARS T G) (DOMAIN SO))
(TEEMP F P)
(DISJOINT (ALL-VARS 7 P) (DOMAIN SO))I (GEZN-SNTTXNG-SUESTITUTIONS Si S2 SO)
(THEORXM-LIST (StJDST r (APPzND Si s2)

(CONS NEW-G P)))))

We thus have six cases to deal with. However, the first four are qute easy; the lemmas

MAIN-HYPS-RELIEVED-n for n1 = 1, 2, 3, and 4 are events #30 through #33 in the file "generalize.events"

(cf. Appendix A). It remains only to prove the other two cases, MAIN-HYPS-RELIEVED-5 and MAIN-

HYPS-RELIEVED-6.

5.3.1 Proof of the lemmna MAIIN-HYPS-RELIEVED-5

I Let us first state the lemma MAIN-HYPS-RELIEVED-5.
41. Lemma. )EIN-EFYPS-RBLIZVZD-53 eneralize-okp (sq.stat.) A valid-stat.(gen~ralize(sg. state))
-+ gmn-setting-substitution(s,s2. sq)

(flWLIES (AND (QZNKRALIZZ-OKP SQ STATE)
(VALID-STATE (GENERALIZE SQ STATE)))

(GIN-SRTTING-SUBSTITUTIONS Si S2 SG))

3 Opening up the function GEN-SETTING-EUBSTITU'rIONS gives us a number of subgoals. The lemmas

which follow cover all of these subgoals. Many of them are more general than the corresponding cases of the

3 lemma MAIN-HYPS-RELIEVED-5. For example, in the first lemma below notice that domain-i is arbitrary

in place of the substitution denoted by the abbreviation domain-I. Generality often makes the theorem prover's

job easier.
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34. Lemma. MAIN-HYPS-SZLIZVZD-5-LRA-1

valid-state (generalize (ag, state))
-+ var-aubatp(8i) A var-subsp(a2) I
I1 - s I domain-1

.2 - (s I- domain-) // nullify-ubst (sg)

(LET ((Sl (RESTRICT S DOMAN-i)) I
(S2 (APPLY-TO-SURST (NLLIFY-SUBST SG)

(CO-RESTRICT S DOMIN-))))
(IMPLIES (VALID-STATE (GENERALIZZ SG STATE))

(AND (VAZ-SUBSTP Si) I
(V&R-SURBTP 32) )) )

35. Lemma &BIN-EKPS-RELIZEVD-5-LDWA-2

gene-raize-okp (s, state) -+ var-aubstp (sa) 3
(IMLIZS (O3mMLUZZ-OU SO STATE)

(VIkR-SUBSTP SG))

For the next two cases from the defimition of GEN-SETTING-SUBSTITUTIONS, we first observe that the

domain of the witnessing substitution s is disjoint from the domain of ag. This is an easy consequence of the 3
definitions, which imply that domain(s) Q 2nd(generalize (sg, state) ) g free and that free is

disjoint from the domain of 3g.
36. Lmms WITNzSSING-INSTANTIATION-IS-DISJOINT-FROM-GENERALIZING-SUBSTITUTION

generaize-okp(ag, atate) A valid-state (genoralize (s, tate))
-+ domain(s) n domain(ag) - 0

(IMPLIES (ND (GZNZRALIZZ-OU SG STATE)
(VALID-STATE (GENEZMR SG STATE)))

(DISJOINT (DOMAIN S) (DOMAIN SO)))

Since the domain of any restriction or co-restriction of a substitution is a subset of the original domain, and

since the application of a substitution s to a substitution s' has the same domain as does s' (see DOMAIN- 3
APPLY-TO-SUBST in Section 3), the next two cases follow from the lemma displayed just above.

37. Lemma MIN-HYPS-ELIEVD-5-LE)Oa-3

generalize-okp(sg, tate) A valid-state (generalize (ag, state))

domain(al) n domain(sg) - 0 A domain(s2) n domain(sg) 0 0
where

ai - a I domain-1
a2 - (a I- domain-i) // nullify-subst(ag)

(LET ((Si (RESTRICT S DOMAIN-i))
(S2 (APPLY-TO-SUBST (NULLIFY-SUBST SG)

(CO-RESTRICT S DOMAIN-I))))

(IMPLIES (AND (GENERALIZE-ORP SG STATE)
(VALID-STATE (GENERALIZE SG STATE)))

(AND (DISJOINT (DOMAIN SI) (DOMAIN SG)) I
(DISJOINT (DOMAIN S2) (DOMAIN SG)))))

The following lemma MAIN-HYPS-RELIEVED-5-LEMMA-4 handles the next case.

I
I



I
37

l 39. Lnmma. XLTN-H1S-L -5-LDOl-4

leneralize-okp(sg, state) A valid-state (generalize (sg, state))
-+ all-vars(range(sg)) n domain(s)) = 0

(ILIZS (12N (GENRALIZZ-OP SO STATE)
(VALID-STTE (GENERALIZE SQ STATE)))

(DISJOINT (ALL-VanS r' (RANGE SG))
(DOMAM Si)))

Let us argue informally for the correctness of this lemma. Assuming its hypotheses, we have:

all-vars (range(sg)) r) domain(s])
= [by definition)
all-vars (range (g) ) n domain (s I domain-I)
= (by DOMAIN-RESTRICT in Section 3)
all-vars (range (ag)) r domain (s) o domain-i

Sby axiom introducedfor VALID-STATE)
all-vars (range (sg)) r) 2nd(generalize (sg, state)) r) domain-]
= (by definition of GENERALIZ)Z
all-vars (range (sg))

r) free \ (domain-i r) all-vars (range (ag)))]
n domain-I

= (trivial set-theoretic reasoning; see below)
0

I How would a person reason in the last step? A natural course would be to consider an arbitrary x and show that

it if it belongs to all-vars (range (ag)) and also to (free \ (domain-i r)

all-vars (range (g) )) ], then it does not belong to domain-i. In fact the analogous fact is proved as a

lemma for the intersection displayed two steps earlier in the informal proof above.

I 38. Lanma. NLIU-HY9S-RELIUVZD-5-LZD81-4-WIT

( gqnralize-okp(sg,state) A
valid-state (generalize (sq, state)) A

wit e all-vars(ranqe(sg)) A
wit e domain(s)

-4 wit E domain-i

(IMPLIES (AND (GENERALIZE-OKP SO STATE)
(VALID-STATE (GENERALIZE SO STATE))
(MEMBER WIT (ALL-VARS F (RANGE SG)))
(MEMBER WIT (DOMAIN S)) )

I (NOT (MEMBER WIT DOMAIN-I)) )

We have one final technical comment on the proof of MAIN-HYPS-RELIEVED-5-LEMMA-4. In addition to3 proving the lemma MAIN-HYPS-RELIEVED-5-LEMMA-4-WIT first (as a rewrite rule), a hint is also given to

enable the lemma DISJOINT-WIT-WITNESSES. That lemma has the effect of reducing the statement that3 all-vars (range (Cg)) is disjoint from the domain of sl to the question issue of whether a particular value

could belong to both of them. For a description of that lemma, see Section 3.

The final case goes through automatically, though here it is crucial that s2 is built using

I
I
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NULLIFY-SUBST; see the lemma DISJOINT-ALL-VARS-RANGE-APPLY-SUBST-NULLIFY-SUBST in

Section 3.

40. Lemma MAIN-HYPS-RELIEVED-5-LEOhA-5

gsneralize-okp(ag, state) A valid-state (generalize (sq, state))
-+ all-vars (range (s2)) n~ domiain(sg) - 0

(IMPLIES (AND (GENERALIZ-OKP SO STATE)
(VILID-STATE (GENERALIZE SG STATE)))

(DISJOINT (ALL-VARS F (RANGE 52))
(DOMAIN SO) )) 1

5.3.2 Proof of the lemma MAIN-HYPS-RELIEVED-6

Now all that is left is the proof of the lemma MAIN-HYPS-RELIEVED-6. Here is its statement.

58. Lemma. MAIN-RTPS-RELINVED-6

generalize-okp (sq, state) A valid-state (generalize (sq, state))
-. theorem-list(((nw-) u p) / (s1 u s2))

(IMPLIES (AND (GENERALIZE-OKP SO STATE) 3
(VALID-STATE (GENERALIZE SO STATE)))

(THEOREM-LIST (SUBST F (APPEND Si S2)
(CONS NEW-G P))))

Here is a very high-level view of the proof, which incidentally should show why we chose to bring in the

notion of "gen-closure" Because of the way that the function GEN-CLOSURE is defined (event #10 above), the I
set domain-I has the following property: for every goal z in the new state generalize (ag, state), the

set of free variables in that state that occur in x are either contained in domain-I or are disjoint from it. In the

former case, which includes the case z = new-g, no variable occurring in x is in the domain of s2, and it follows

that that x/ (sl u s2) = x/sl = x/s. In the latter case we similarly have x/ (s] u s2) = x/s2. Since we 3
have already dealt with the case x = new-g, we may assume that X E p, and by a little additional technical

argument we can show that x/s2 is an instance of x/s. So we have that x/ (s] u 2) is an instance of xis, 3
and since x/s is a theorem (by definition of s and the VALID-STATE hypothesis), so is x/ (s] u s2). I

Let us proceed now along the lines of the mechanically-checked proof. By opening up SUBST and

THEOREM-LIST we can break MAIN-HYPS-RELIEVED-6 into the following two goals. 3
45. Lemma. MAIN-HYPS-RELIEVED-6-FIRST

generalize-okp(sgstate) A valid-state(generalize(sg, state))

-+ theorem(new-g / (si u s2))3

(IMPLIES (AND (GENERALIZE-OKP SG STATE)
(VALID-STATE (GENERALIZE SG STATE)))

(THEOREM (SUBST T (APPEND SI S2) NEW-G)))

I
I
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I 57. Lamma. M)IN-HYPS-RELIEVED- 6-REST

generalize-okp (sg, stat.) A valid-state (generalize (ag, state))

-+ theorem-list(p / (s] u s2))

(IMPLIES (AND (GENZALIZZ-OKP SO STATE)
(VALID-STATE (GENERALIZE SG STATE)))

(THEOREM-LIST (SUBST F (APPEND S1 S2) P)))

Let us consider these in turn.

I 5.3.2(1) Proof of the lemma MAIN-HYPS.RELIEVED-6-FIRST. Here is an informal proof of the first of

these two lemmas. We begin with a key observation, which we will both prove and use presently.

(*) domain (s) n all-vars (new-g) Q domain-i

Now recall the lemma SUBST-APPEND-NOT-OCCUR-2 (stated in Subsection 5.2 above) which says if no

variable of a term x belongs to the domain of a substitution s2 thenz / (al u s2) - z / s. The

domain of s2 is equal to domain (s) \ domain-I; hence the requirement for SUBST-APPEND-NOT-

OCCUR-2 that domain (s2) be disjoint from all-wars (new-g) holds by (*).8 So assuming our hypotheses

of generalize-okp(sg, state) and valid-state (generalize (sg, state)), we may

summarize the argument as follows.

new-g / (s] u s2)
= (by the lemma SUBST-APPEND-NOT-OCCUR-2 (cf. Section 3) and (*))
new-g / sl
= [by the lemma SUBST-RESTRICT (cf. Section 3) and (*))3 new-g /Is

It remains to check that (*) holds. Consider the following lemma.

44. Lemma GEN-CLOSURE-CONTAINS-THIRD-ARG

x C (free n vars)
-4 x C gen-closure(goals,free,vars)

(IMPLIES (SUBSETP X (INTERSECTION FREE VARS))
(SUESETP X (GEN-CLOSURE GOALS FREE VARS)))

I If we apply this lemma with goals := {new-g) u p, free =free, vars = all-vars (new-g), and x:=

domain (s) r all-vars (new-g), the resulting instance can be expressed using our abbreviations as

i follows.

i
I

SThe lemmas used in this argument are DOMALN-CO-RESTRICT from "alists.events" and DISJOLNT-SET-DIFF-GENERAL from
sets.events"

i
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domain(s) r) all-vars(new-g) C (free n all-vars(naw-1)) - M (*)

(IMPLIES (SUBSETP (INTERSECTION (DOMAIN S) (ALL-VARS NEW-G))
(INTERSECTION FREE (ALL-VA.S NEW-G)) )

So in order to prove (*), it suffices to prove the hypothesis of this implication, which in turn follows from 3
domain (s) c 2 "d (generalize (ag, state)) Q free

The first inclusion follows from the fact that the domain of s is contained in the free variables of the new I
(generalized) state, which is part of the VALID-STATE hypothesis. The second inclusion is just the lemma

SUBSETP-CDR-GENERALIZE from Subsection 5.1 above. This concludes the proof of MAIN-HYPS-

RELIEVED-6-FIRST.

In fact we close with one technical comment. The lemma CAR-GENERALIZE is proved before the

lemma GEN-CLOSURE-CONTAINS-THIRD-ARG above so as to speed up the proofs. The idea is that we I
only want to invoke the rather hairy definition of GENERALIZE when we are looking at goals, not when we are

simply asking about the witnessing substitution.
42. Lemma CAR-GENERALIZE

lm (genoralizo(sg <(g) u p, free>)) -

(g/ agr-1 U pI

(EQUAL (CAR (GENERALIZE Sr STATE))
(CONS (SUDSTT (INVERT SG) (CuR STATE))

(CDAR STATE)))I

5.3.2(2) Proof of the lemma MAIN-HYPS-RELIEVED-6-REST. We now move to the proof of our final

goal, which once again is:

57. Lemma. MAIN-YP S-RELIEVED- 6-REST

generalize-okp(sq, stat.) A valid-state (generalize (ag, state)) I
-+ theorem-list (p / (sl u s2))

(IMPLIES (AND (GENERALIZE-OKP SG STATE)
(VALID-STATE (GENERALIZE SG STATE)))

(TIOREM-LIST (SUBST F (APPEND Si S2) P)))

Let us begin with the following key notion suggested by the informal proof given above. It asserts that every 3
goals's free variables are either contained in the set x or are disjoint from x.

I
I
I
I
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46. Definition of ALL-VARS-DISJOINT-OR-SUNSITP

all-vare-di sjoint-or-subsetp (goal., free,x) a

(V g in goals) [ free n all-vars(g) Q x v free n all-vars(g) n x - 0

(DFN ALL-VARS-DISJOINT-OR-SUBSETP (GOALS FRER X)
(IF (LZSTP GOALS)

(AND (OR (SUBSUTP (INZRSUCTION rMI (ALL-VARS T (CAR GOALS)))
X)

(DISJOINT (INTERUZCTION FER (ALL-VARS T (CAR GOALS)))

X))
(ALL-VARS-DISJOINT-OR-SUBSZTP (CDR GOALS) FRE X))

T))

Observe that the set of goals p has the above property with respect to the free variables of the generalized state

and the appropriate "gen-closure", domain-i:

52. Lemma. IIN-3PS-RNLIZVND-6-RZST-W 1&-2

generalize-okp (sq, at&t) A valid-ltate (generalize (ag, state))

-+ all-var-disjoint-or-SUblatp(p, 2 d (gneralize(&g, state)), domain-1)

(INLIXS (AND (GNNNALIZ-OP SO STATE)
(VALD-STATE (GENURALIZE SO STATE)))

(ALL-VARB-DISJOINT-OR-SUBSETP P (CDR (GENERALIZx SO STATE)) DOMAIN-i))

This follows from the definition of domain-i and the following observation. Actually, the following lemma

relevant in the special case (instance) -:.,here new-f ree is 2 d (generalize (sg, state) ), i.e. the set of

free variables of the new (generalized) state; fre is free; goals is p; g is g; and vars is domain-L.

51. Lemma ALL-VARS-DISJOINT-OR-SUBSETP-GEN-CLOSURE

now-free Q free

all-vars-disjoint-or-subaetp(p, new-fre, gen-olosure(g) u p, free, vars))

(IMPLIZS (SUBSZTP NEW-FRN FERE)
(ALL-VARS-DISJOINT-OR-SUBSETP
P NEW-FREE
(GEN-CLOSUR (CONS G P) FRER VARS)))

ILet us attempt to finish the proof of our remaining goal MAIN-HYPS-RELIEVED-6-REST with informal

reasoning. Assume its hypotheses. Let z be any goal in p; then by the VALID-STATE hypothesis, we have

theorem(x). Moreover, the lemma MAIN-HYPS-RELIEVED-6-REST-LEMMA-2 above implies says that

the set of free variables occurring in x is contained in or disjoint from domain-l. Hence there are two cases.

I We follow the outline given at the start of this subsection 5.3.2 (just below the statement of the lemma

MA1N-HYPS-RELIEVED-6).

Case 1: all-vars (x) Q domain-i. Then since domain (s2) = domain (s) \ domain-1 (by

definition of s2 and the lemmas DOMAIN-CORESTRICT and DOMAIN-APPLY-TO-SUBST in Section 3), it

follows from the case hypothesis thatI
I



I
42

(1) all-vats (x) n domain (s2) = 0. U
Therefore 5

z/(sl u s2)
( (by (1) together with the lemma SUBST-APPEND-NOT-OCCUR-2 (cf. Section 3))

x/sl I
( (by (1) together with the lemma SUBST-RESTRICT (cf. Section 3))

xis

Case 2: all-vats (x) r domain-i - 0. The argument is a little more involved in this case,

because s2 is not simply a co-restriction of s. Recall that s2 is defined as (s I~ domain-i) // 3
nullify-subst (sg). This time we argue as follows.

z/(s] u s2) 3
= (by the lemma SUBST-APPEND-NOT-OCCUR-I (cf. Section 3))
z/s2

- (by definition)
x/((s I- domain-i) // nullify-subst(sg))
= (as we will show below)
(z/ (s I - domain-]) ) / nullify-subat (ag)
= (by the lemma SUBST-CO-RESTRICT (cf. Section 3))
(x/s) / nullify-subst (ag)

Therefore x/ (sl u s2) is a theorem (cf. event #54 in "generalize.events" in the Appendix, which we omit 3
here), since it is an instance of x/s (which is a theorem by the VaLID-STATE hypothesis). But it remains to

explain the reason "'as we will show below" for the penultimate step above. The following lemma is the key.

It is applied automatically by the theorem prover's rewriter using the substitution (sg := nullify-

subst(sg), a := (s I- domain-) ). 1

53. Lemma SUBST-APPLY-TO-SUBST-ELIMINATOR

E variable-listp(domain(ag) ) A

vaziable-litp(domain(s)) A I
tOZMP (X) A

domain(sg) n all-vara(x) - 0 ]

z / (a // sg) - (z / a) / ag

(IMPLIZS (AND (VARIABZZ-LISTP (DOMAIN SG))
(VAPRIMLZ-LISTP (DOMAIN S))
(TXIRM T X)
(DISJOINT (DOMAIN SG) (ALL-VARS T X)))

(EQUAL (SURST T (APPLY-TO-SURST SO S) X)
(SURST T SQ

(SURST T S X))))

Notice that by the lemma DOMAIN-NULLIFY-SUBST (cf. Section 3), we can safely equate the domains of sg

and nullify-subst (sg). But why can we assume that the domain of sg is disjoint from the variables of

x? Recall that x is an arbitrary member of the set of goals from p that (by the Case 2 hypothesis) do not I
I
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intersect domain-i. That is, the following lemma should suffice to conclude the proof. (The definition of the

function GOALS-DISJOINT-FIROM-VARS will follow.)

50. Lamma JQN-BTS-RZLIZVED-6-RZST-LZNKL-l

generalize-okp(sq, state) A valid-state (generalize(sg, state)) ]

[dontain (ag)nall-va(gqoal-disjoint-from-vara(p, 21 (generalize (sq, state)), domain-.))

- 0]

(- LIES (AND (GEZNMALIZ-O SG STATE)
(VALID-STATE (GENERALIZE SG STATE)))

(DISJOINT (DOMAIN SG)
(ALL-VARS r (GOLS-DISJOIT-FRON-VARS

P (CDR (GEYERALIZE Sr STATE))
DOMAIN-)))))

And here is the obvious definition of GOALS-DISJOIIT-FROK-VARS, followed by an important property of

this function.

47. Dembion of GOALS-DISJOINT-FRON-VARS

goals-disjoint-from-var. (goals, free, vars) -

(g E goals: free rn all-vars(g) - 0)

(defn goals-disjoint-from-var. (goals free vars)
(if (listp goals)

(let ((current-free-vars (intersection free (all-vars t (car goals)))))
(if (disjoint current-free-var. vars)

(cons (car goals)
(goals-disjoint-from-vars (odr goals) free vars))

(goals-disjoint-from-vars (cdz goals) free vars)))
nil) )

48. Lenma GOALS-DISJOINT-FROM-VARS-SUBSETP

goals-disjoint-froa-vars (goal., free,vars) Q goals

(SUNSETP (GOALS-DISJOINT-FROK-VARS GOALS FREE VARS)
GOALS)

Event #49, DISJOINT-ALL-VARS-GOALS-DISJOINT-FROM-VARS, is merely a technical lemma that is

necessary because of the theorem prover's difficulty in relieving hypotheses of rewrite rules that contain

variables not bound in the conclusion. We omit its statement here.I
We conclude by summarizing the top-level structure of the proof of the lemma MAIN-HYPS-

RELIEVED-6-REST, which is motivated by the discussion above. This lemma is an immediate consequence of

the following lemma, in conjunction with the lemma MAIN-HYPS-RELIEVED-6-REST-LEMMA-1 (event

#50) and MAIN-HYPS-RELIEVED-6-REST-LEMMA-2 (event #52), already explained above, which are used

to relieve its last two hypotheses. Notice that this lemma is somewhat more abstract than those two, in that it

refers to arbitrary values of p, 9, domain-l, and new-free.

56. Lers MAIN-HYPS-RELIEVED-6-REST-GENERALIZATION

I



I
44 I

[ va-subtp(Sq) A
Vwr-8ubatp (a) A
doain(s) Q new-f ie A
terap-liat (p) A I
th4o -lJst (p/*) A

domain (a) el all-vars (goals-die joint-from-vars (p, now-free, domain-1)) -0 A

all-vaa-4lsloint-or-ubaetp (p, new-free, domain-i) I

theore-list(p/(sl U &2))
where
al = a I domain-i
-2 - (a I- domin-1) II nullify-subst(ag) 3
(LET ((Sl (RESTRICT S DONIE-1))

(S2 (APPLY-TO-SUBST (NULLIIY-SUBST SG)
(CO-RZSTRICT s DOMA-1i))))

(IMPLIES (AND (VIL-SUBSTP Sr)
(VAR-SUBS!P 8)
(SUMLSI (DOMAIN s) NEW-nRER)
(TZMP Ir V)
(TEHZoN-LIST (SUES! F S P))
(DISJOINT (DOMAIN SO)

(ALL-VARSY (GOALS-DISJOINT-FROK-VARS

P EW-IrZ DOMAIN-)))
(LL-VARS-DISJOINT-OR-SUSE! P NEW-FREZ DOMN-i))

(!UORZ-LIST (SUBST F (APPEND Si S2) P)))) I

The theorem prover implements informal arguments presented above when proving this theorem by

induction on the length of p. However, we encountered difficulties at first in finding the right argument, at least

during our second proof effort (see Subsection 1.2). The remainder of this section contains an edited version of 1
the comments made during that proof, just after completion of MAIN-HYPS-RELIEVED-6-REST-LEMMA-2

(so that all that was left was the proof of MAIN-HYPS-RELIEVED-6-REST-GENERALIZATION). All of this 3
below may be safely omitted; it's there simply for those familiar with the Boyer-Moore theorem prover who

want to dig a little deeper into the details of the proof effort.

5.3.2(3) Some comments on the proof of the lemma

MAIN-HYPS-RELIEVED-6-REST-GENERALIZATION. Finally, all that's left is MAIN-HYPS- 3
RELIEVED- -REST-GENERALIZATION. An attempted proof by induction of that theorem results in 11

goals, all but one of which goes through automatically. The remaining one is as follows.

I
I
I
I
I
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(AN
i ~ ~(DISJOINT lNEW-FR

(INTERSECTION DoX)- )

(ALLZ-VARS T X)) )
(THORE-LIST

(STJDST IF
(APPEND (RESTRICT S DOMIN-1)

(APPLY-TO-SUBST (NULLI-SUBST SG)
(CO-RESTRICT S DON-LN-i)))

Z))
(MAPPING SG)
(VARIILE-LISTP (DOMIN SG))
(TER)M (RANGE SG))
(MAPPINWG S)
(VARIABLE-LISTP (DOM W S))
(TZRMP 7 (RANGE S))
(SUBSETP (DOMAIN S) NEW-FREE)
(TERMP T X)

(TERNW F Z)
(THEOREM (SUEST T S X))
(THEOREM-LIST (SUDST I S Z))
(DISJOIN! (DOMAIN SG) (ALL-VZRS T X))
(DISJOINT (DOMAIN S)

(ALL-VARS F
(GOALS-DISJOINT-FRO-VARS Z NEW-FREE DOMKIN-i)))

(ALL-VARS-DISJOINT-OR-SUDTP Z NEW-FRM DOMAIN-1))
(THEOREM (SUEST T

(APPEND (RESTRICT S DOMAIN-i)
(APPLY-TO-SUBST (NULLIFY-SUBST SG)

M )(CO-RESTRICT 
S DOMAIN-i)))

I Let us attempt to prove this goal with PC-NQTHM, thus seeing why the rewriter can't handle it

automatically. With the aid of PC-NQTHM's SHOW-REWRITES command, we see that we would like to

rewrite with the lemma SUBST-APPEND-NOT-OCCUR-1 (see Section 3) to replace the conclusion with:

(THEOREM (SUDS! T
(APPLY-TO-SUBST (NULLIFY-SUDST SG)

(CO-RESTRICT S DOMAIN-i))
x) )

However, in order to do that we see (using PC-NQTHM's REWRITE command) that we need to know that

under the hypotheses, the following holds.
I (DISJOINT (ALL-v]ARs r

(DOMAIN (RESTRICT S DOMAIN-i)))
(ALL-VA S T X))

I One would think that this follows quite clearly from just two of the hypotheses:

(DISJOINT NW-F
(INTERSECTION DOMAIN-1

(ALL-VAS T X)))

(SU SETP (DOMAIN S) NEW-FE)

I This is one of those cases of a problem with free variables in hypotheses that are so annoying. The lemma

U
I
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DOMAIN-RESTRICr has been proved in "alists.events" (see also Section 3) to help with this. But then we

lose the effect of an existing lemma which applied directly to simplify the term (ALL-VARS r (DOMAIN

(RESTRICT S DOmaN-1) ) ) (a familiar phenomenon for those familiar with Knuth-Bendix completion).

The lemma VARIABLE-LISTP-INTERSECTION has since been proved in "terms.events" to take care of that

problem.

Now it looks like the rewrite using SUBST-APPEND-NOT-OCCUR-1 should succeed, since all I
hypotheses are relieved by rewriting alone. Just to make sure, we back up in PC-NQTHM and see if the BASH

command (which calls the Boyer-Moore prover's simplifier) uses this rule on our original goal. Sure enough, it

does.

Having successfully applied PC-NQTHM's REWRITE command and relieved the resulting hypothesis,

we now have a conclusion that is the one displayed above, i.e. I
(THOREM (SUBST T

(APPLY-TO-SUEST (NULLTY-SUEST SG)
(CO-RESTRICT S DOMAIN-1))

Since (as we already know) (NULLIFY-SUBST SG) has the same domain as does SG, and since the 3
hypotheses imply that (DOMAIN SG) is disjoint from the variables of X, the SUBST expression in this

conclusion should simplify to:

(BURST T (NULLFYr-SUBS? SO)
(SURST T (CO-RESTRICT S DOMAI-1)

x))

We therefore need the lemma SUBST-APPLY-TO-SUBST-ELIMINATOR below (which is used under the

substitution where S gets (CO-RESTRICT S DOMAIN-I) and SG gets (NULLIFY-SUBST SG)). [And

so on ...... I
I
I
I
I
I
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Appendix A
Events Files: sets, alists, terms, and generalize

THE FILE ",etevents"

Requires deftheozy enhancement.
Requires only ground-zero theory, nqtha made.

(Getq events.1

Sets; Matt Kaufmann, Dec. 1989, revised March 1990. The first few
events a see basic events about lists. I'll take the approach
that all these basic functions will be disabled once enough
algebraic properties have been proved. The first two 1.emas,
LZNGTU-CONS and LZIIGT!NLISTP, reflect this decision. I suspect
that it's a win in big proofs to keep basic functions disabled.I ;; Theories:

;(deftheozy set-defns

;;(length properp fix-properp member append subsetp deleteI disjoint intersection set-diff setp))

(dafn length (x)
(if (listp x)

(addl (length (cdr x)))

0))

(prove-lemma length-nlistp (rewrite)I (equal (length x) 0)))

(prove-lemmea length-cons (rewrite)
(equal (length (cons a x))

(addl (length x))))

(prove-lemais length-append (rewrite)
(equal (length (append x y))

(plus (length x) (length y))))

(disable length)

(prove-leina append-assoc (rewrite)
(equal (append (append x y) z)

(append x (append y z))))

(prove-lemma member-cco (rewrite)
(equal (member a (cons x 1))

(or (equal a X)
(member a 1))))

(prove-lamma member-nlistp (rewrite)
(implies (nlistp 1)

(not (member a 1))))

(disable member)I (defn subsotp (x y)
(if (nlistp X)

t
(and (member (car x) y)I (subsetp (cdr x) y))))

(defn subsetp-wit (x y)
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(if (ftlistp Z)
t
(it (member (oar a) y)

(subsetp-wit (ccdz z) y)
(oar x)

(prov.-lemos subsetp-wit-witnesses (rewrite)

;for Occasional os in IGSARY proofs; it and its lemma are kept disabled
(equal (mabaetp x Y)I

(not (and (member (subsetp-wit x y) x)

(not (member (subsetp-wit x y) y)))f)

(prove-lema subsetp-wit-witneseez-general-l (rewrite)
(implies (and (not (member (subsotp-wit Z y) x))

(member a Z))
(member a y)))

(prove-lames subsetp-vit-witnesses-general -2 (rewrite)I
(Implies (and (member (subsetp-wit z y) y)

(member a z))
(member a y))) 

I
(disable subsetp-wit-vitnesses)
(disable subsetp-wit-witnesses-general-l)
(disable subsetp-wit-witnesses-general-2)

(prove-lemea aubsetp-cons-I (rewrite)
(equal (subsetp (cons a x) y)

(and (member a y) (subsetp xy))

(pro-.e-lnuna subaetp-conc-23
(rewrite)
(implies (subsetp 1 a)

(subsetp 1 (cons ama))))

(prove-lea substp-refleiivityI
(rewrite)
(subsetp x X))

(prove-lema adr-subsetp
(rewrite)
(subsetp (cdr x) x))

(prove-leama member- subsetp
(rewrite)
(implies (and (member x y) (subsetp y z))

(member x z)))

(prove-lema substp-is-transitive
(rewrite)
(implies (and (subsetp x y) (subsetp y z))

(subsetp x z)))

(prove-lamma member-append (rewrite)
(equal (member a (append x y))

(or (member a x) (member ay))

(prove-lewa subsetp-append (rewrite)
(equal (subsetp (append x y) a)

(and (subsotp x z) (mubsetp y z))))

(prove-lemna subsetp-ot-append-aufficioey (rewrite)
(implies (or (subsetp a b) (subsetp a c))

(subsetp a (append b c))))

(prove-lemma subsetp-nlistp (rewrite)I
(implies (nlistp x)

(and (aubsetp x y)
(equal (subsetp y x)
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(prove-lemma suisetpaons::::ismb': (rewrite)
(ipis(not (member z x))

(equal (subsetp x (cons z v))
(subsetp x )z

(disable subsetp)

(defn properp (x)
(if (listp X)

(properp (odr x))
(equal x nil))

(defn fix-properp, (x)
(if (listp X)

(cons (car X)
il) (fix-properp (ads x)))

(prove-lemma properp-fia-properp (rewrite)

(properp (fia-properp X))

(prove-lema fix-properp-properp (rewrite)
(implies (properp X)

(equal (fix-properp x) x)))

(prove-lemma properp-cons (rewrite)
(equal (propezp (cons x y))

(properp YMl

(prove-lemma properp-nlistp (rewrite)
(implies (nlistp x)

(equal (properp, x)

(equal x nil)

(prove-lama fix-properp-cons (rewrite)
(equal (fix-properp (cons a y))

(cons x (fix-properp y))))

(prove-lemma fix-properp-nlistp (rewrite)
(implies (nliatp X)

(equal (fix-properp x)

nil)))

(prove-lemma properp-append (rewrite)
(equal (properp (append x y))

(properp y))

(prove-lemma fix-properp-append (rewrite)
(equal (fix-properp (append x y))

(append x (fix-properp y))))

(prove-lmmma append-nil (rewrite)
(equal (append x nil)

(fix-properp x)))

(defn delete (x 1)
(if (listp 1)

(if (equal x (car 1))
(cdz 1)

1)(cons (car 1) (delete x (cdr 1))))

(prove-lmma properp-delete (rewrite)
(equal (properp (delete x U)

(properp W)

(dofn disjoint (x y)
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(if (listp X)
(and (not (member (car x) y))

(disjoint (cdr x) y))
W)

(defn disjoint-wit (x y)
;for occasional use in messy proofs; it and the following lea are kept disabled

(if (liatp Z)
(if (member (car X) Y)I

(disjoint-wit (cdr x) y))

(prove-lemma disjoint-wit-witnesses (rewrite)
(equal (disjoint x y)

(not (and (member (disjoint-wit x y) x)
(member (disjoint-wit x y) y)))))(disale dsjoin-wit

(disable disjoint-wit)wtess

(defn intersection (x y)
(if (listp X)

(if (member (car x) y)
(coons (car X)

(intersection (cdr x) y))I
(intersection (edz x) y))

nil))

(prove-leina properp-intersection (rewrite)

(properp (intersection x y)))

(defn set-diff (x y)

(if (lisep X)I

(set-diff (cdr x) y)
(cons (car x) (set-diff (cdr x) y)))

nil)

(prove-leina properp-set-diff (rewrite)

(properp (aet-diff x y)))

(defn astp (x)I

(equal x nil)
(and (not (member (car x) (cdr x)))

(setp (cdr x)))))

(prove-lemma stp-imgplie-properp (rewrite)
(implies (setp x)

(properp X))

(disable properp)

(deftheory set-defne
(length properp fix-properp masier append aubsetp delete

disjoint intersection set-diff setp properp))

Set theory lema

(prove-lemma deletet-cons (rewrite)
(equal (delete a (cons b x))

(if (equal a b)

(cons b (delete a x)f))

(prove-lenuia delete-nlistp (rewrite)

(implies (nlistp x)

I
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U (equal (delete a x) x)))

(prove-lema listp-delete (rewrite)
(eul(listp (delete x1))

(if (listp 1)
(or (not (equal x (car 1)))

(listp (cdz 1)))

f))

(prove-lama delete-non-member (rewrite)
(implies (not (member x y))

(equal (delete x y) y)))I (prove-lemma delete-delete (rewrite)
(equal (delete y (delete x a))

(delete x (delete y t))))

(prove-lemmas member-dlete (rewrite)
(implies (Setp x)

(equal (member a (delete b x))
(and (not (equal a b))I (member a x)))))

(prove-la setp-delete (rewrite)
(implies (Setp X)

(setp (delete a x))))

(disable delete)

(prove-lemma. disjoint-cons-l (rewrite)

(and (not (memberay)

(equal (disjointona x y)

(prove-lemena disjoint-oons-2 (rewrite)
(equal (disjoint x (cons a y))

(and (not (member a x))
(disjoint x y))))3 (prove-la disjoinit-nlistp (rewrite)

(implies (or (nlistp x) (nlistp y))
(disjoint x y)))

(prove-lemma disjoint-symmetry (rewrite)

(equal (disjoint x y)
(disjoint y x)))

(prove-lmma disjoint-append-right (rewrite)
(equal (disjoint u (append y a))

(and (disjoint u y)
(disjoint u z))))

(prove-lemma, disjoint-append-left (rewrite)
(equal (disjoint (append y a) u)

(and (disjoint y u)

(disjoint z )aI (prove-lemma disjoint-non-member (rewrite)
(implies (and (member a x)

(member a y))
(not (disjoint xy))

(prove-lema disjoint-subsetp-monotone-second (rewrite)
(implies (and (subsotp y a)

(disjoint x a))

(disjoint x y)))

(prove-lmma subsetp-dinjoint-2 (rewrite)
(implies (and (subsetp x y)
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(disjoint y z))
(disjoint z x)))

(prove-lenns subsetp-disjoint-1 (rewrite)
(implies (and (subsetp x y)

(disjoint y z))
(disjoint x z))

((use (disjoint-syimtry (x x) (y z)))

(disable disjoint-symstry)))

(prove-lemma subsetp-disjoint-3 (rewrite)
(implies (and (subsetp x y)

(disjoint z y))I

(disable disjoint)

(prov-eima intersection-disjoint (rewrite)I
(equal (equal (intersection x y) nil)

(disjoint x y)))

(implies (or (nlistp x) (nlistp y))

(equal (intersection x y) nil)))

(prove-leama member-intersection (rewrite)I
(equal (member a (intersection x y))

(and (member a x) (meimber a y))))

(prove-leina subsetp-intersection (rewrite)

(equal (subsetp x (intersection y z))

((induct (subsetp x y))))

(prove-leamma intorsection-syuintry (rewrite)I
(subsetp, (intersection x y)

(intersection y x)))

(prove-leinma intersection-cons-l (rewrite)

(equal (intersection (cons a x) y)

(cons a (intersection x y))
(intersection x y))))

(prove-leunn intersection-cons-2 (rewrite)
(implies (not (member a y))

(equal (intersection y (cons a x))
(intersection y x))))

The following is needed because DISJOINT-INTERSECTION-COO4UTER,
added during polishing, caused the proof of
DISJOINT-DOHAXN-CO-RESTRICT (in "alisteevents") to fail.

(prove-leimma intersection-cons-3 (rewrite)
(implies (member w x)

(equal (subsetp (intersection y (cons w z))
X)I

(subsetp (intersection y z)
X))

((enable intersection)))

(prove-lemma intersection-cons-subsetp (rewrite)
(subsetp (intersection x y)

(intersection x (cons a y))))

(prove-leimna subsetp-interection-left-l (rewrite)I
(subsetp (intersection x y) x)

((enable intersection)))
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U (prove-lemma subsetp-intersection-left-2 (rewrite)
(subsetp (intersection x y) y)
((enable intersection)))

(prove-leuma subsetp-intersection-sufficiency-l (rewrite)
(implies (subsetp y z)

(subsetp (intersection x y) z))
((enable intersection)))

(prove-lemma. subsetp-intersection-sufficioncy-2 (rewrite)
(implies (subsetp y z)

(subsetp (intersection y x) z))

((enable intersection)))

(prove-leama intersection-associative (rewrite)
(equal (intersection (intersection x y) z)

(intersection x (intersection y z)))

((enable intersection)))

(prove-lemma intersection-elimination (rewrite)
(implies (subsetp x y)

(equal (intersection x y)
(fix-properp x))))

(prove-leama length-intersection (rewrite)
(not (lessp (length x)

(length (intersection x y)))))

(prove-lemma subsetp-intersection-nember (rewrite)
(implies (and (subsetp (intersection x y) z)

(not (member a z)))
(and (implies (member a x)

(not (member a y)))
(implies (member a y)

(not (member a x))))))

The following wasn't needed in the proof about generalization, but is a nice rule.
(prove-lezuna intersection-append (rewrite)

(equal (intersection (append x y) z)

(append (intersection x z) (intersection y z))))

I'd rather just prove that intersection distributes over append on
the right but that isn't true. Congruence relations would probably
help a lot with that problem. In the meantime. I content myselfI with the following.

(prove-lemma disjoint-intersection-append (rewrite)
(equal (disjoint x (.. tersection y (append zl z2)))

(and (disjoint x (intersection y al))
(disjoint x (intersection y z2)f)

((enable intersection)))

See comment just above DISJOINT-INTESEC!ION-APPEND
(prove-lemma subsetp-intersection-append (rewrite)

(equal (subsetp (intersection u (append x y))
Z)

(and (subsetp (intersection u x) z)
(oubsetp (intersection u y) z))))

(prove-lemma subatp-intersection-elinination-lenna (rewrite)
(implies (and (subsetp y x)

(not (subsetp y z)))
(not (subsetp (intersection x y) z)))

((use (substp-io-trannitive (x y) (y (intersection x y1) (z z)))

(disable intersection)))

(prove-lemma subsetp-intersection-elinination (rewrite)
Interestingly, the prover failed to prove this when I used EQUAL.

(ipis(subsetp y X)
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(iff (subsetp (intersection x y) z)
(subsetp y 2)))

((disable intersection)))

(prove-lemma dis joint-intersection (rewrite)
(equal (disjoint (intersection x y) a)

(disjoint x (intersection y in)))
((enabl, intersection)

(disable disjoint)))

(prove-lemma subsotp-intersection-aonotone-l (rewritao)
(implies (and (subsetp (intersection x y) z)

(subsetp xl x))I
(subsetp (intersection xl y)

zn))

((enable disjoint subsetp)))

The lemma SUBSZTP-fllTRSZCTIOV-MONOTONE-2 below was added duringI
polishing of the final proof in "genralize.events', since the
lenin& inmmdiatoly above wasn't enough at that point. Actually
I realized at this point that intersection commutes frosm the point

of view of subsetp:

(prove-leina subsetp-intersection-csater (rewrite)
(equal (uubsetp (intersection x y) z)

(subsetp (intersection y x) x))
((use (subsotp-wit-witnesses (z (intersection y x)) (y zn))I

(subsetp-wit-witnesses (x (intersection x y)) (y z)))))

(prove-lmma subsetp-intersection-monoton*-2 (rewrite)

(implies (and (subsetp (intersection y x) zn)

(aubsetp (intersection xl y)

(prove-lmmia disjoint-intersection-coimter (rewrite)
(equal (disjoint x (intersection y z))

(disjoint x (intersection xn y)))
((use (disjoint-wit-witnesses (x z) (y (intersection y z)))

(disjoint-wit-witnesses (x x) (y (intersection zn y))))I
(disable intersection)))

(prove-lmma disjoint-intersection3 (rewrite)

(implies (disjoint freeI
(eul(nescna(intersection vars free)

(eul(nl)) in itrscinvasfe)
((Use disjo niti) ese

(x X)I
(y (intersection vars free)))'))

(disable intersection)

(prove-lemma nember-set-diff (rewrite)
(equal (member a (set-diff y zn))

(and (member a y)

(not (member a z)))))

(prove-lmma subsetp-set-diff-l (rewrite)
(subsetp (set-diff x y) x))

(prove-lemma disjointp-set-diff (rewrite)
(disjoint (set-diff x y) y))

(prove-lmma subsetp-met-diff-2 (rewrite)

(equal (subsetp x (set-diff y z))I
(adsjoit x y))

((enable-theory set-defns)))
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U (prove-lemma set-dif f-cons (rewrite.)
(equal (set-diff (cons & x) y)

(if (member a y)
(set-diff x y)U (cons a (set-diff x y)))))

(prove-lea set-diff-nlistp (rewrite)
(implies (nlistp x)I (equal (set-diff x y) nil)))

The following was discovered during final polishing, for the
proof of NkZN-KPS-ZLVD--IMT8.

(prove-lemma disjoint-set-diff-general, (rewrite)
(equal (disjoint x (set-diff y z))

(subsetp (intersection x y) z))
((induct (intersection x y))))

(prove-lemma intersection- subsetp-identity (rewrite)
(implies (and (properp x)

(subsetp x Y))
(equal (intersection x y) x))

((enable subsetp)))

(prove-lemma. intersection-x-x (rewrite)
(implies (properp X)3 (equal (intersection x x) x)))

(prove-lemma subsetp- set-diff-ononone-2 (rewrite)
(aubsetp (set-diff x (append y z))

(set-diff x z))

((disable set-diff)))

(prove-lemma suhsotp-set-diff-monotone-second (rewrite)
(equal (subsetp (set-diff x y) (set-diff x z))

(subsetp (intersection x z) y))

((enable intersection)))

(prove-linma set-dif f-nil (rewrite)
(equal (set-diff x nil)

(fix-properp X))

(prove-lemma sot-diff-cons-non-member-l (rewrite)
(implies (not (member a x))

(equal (set-diff x (cons a y))
(set-diff x y))))

(prove-lemma length-intersection-set-diff (
(equal (length x)I (plus (length (set-diff x y))

(length (intersection xy))
((enable set-diff intersection length)))3 (prove-lema longth-set-diff-opener (rewrite)
(equal (length (set-diff x y))

(difference (length x)
(length (intersection xy))

((use (length-intersection-set-diff))))

(prove-lmma listp-met-diff (rewrite)
(equal (listp (set-diff x y))

(not (subsotp x y)))

((enable set-diff)))

Here is a messy lemna about disjoint and such
(prove-lemma disjoint-intersection-set-diff-intersection (rewrite)

(disjoint x (intersection y (set-diff z (intersection y xl)
((enable disjoint-wit-witnesses)
(disable set-diff)))
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(disable set-diff)

(prove-iema membr-fix-properp (rewrite)
(equal (member a (fix-properp x))

(member a x)))I

(prove-lemma setp-append (rewrite)
(equal (astp (append x y))

(and (disjoint x y)I
(Setp (fix-properp Z))
(setp y)

(prove-lmma setp-cons (rewrite)I

(and (not (member a x))
(setp X)

(prove-lemm&a stp-nliatp (rewrite)I
(implies (nliatp x)

(equal (Setp X)

(def mak-sot (equal x nil))))

(1)
(if (not (listp 1))

nil
(if (member (car 1) (cdr 1))I

(make-set (cdr 1))
(cons (car 1) (make-sot (cdr 1))))))

(prove-lama make- met -preserves-member
(rewrite)
(equal (member x (make-set 1))

(member x 1)))

(prove-lemma make-st-proserves-subsetp-l
(rewrite)
(equal (subsetp (make-set x) (make-met y))

(subsotp x y)))3

(prove-lemma make-ast-preserves- subsetp-2
(rewrite)
(equal (subsetp x (make-met y))

(subsetp x y))I

(prove-lemma make-set-proserves-subsetp-3
(rewrite)
(equal (subsetp (make-set x) y)I

(Prove-lemma make-Set-gives-metp

(rewrite)I

(prove-lemma make-set-set-diff (rewrite)
(equal (make-set (met-diff x y))

(set-diff (make-set x) (make-set y))))

(prove-lemma set -di ff-make-set (rewrite)
(equal (set-diff x (make-set y))

(set-diff x y))I

(prove-lemma listp-make-met (rewrite)

(equal (listp (make-met x))I

(disable setp)
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U ~,,,;The following were proved In the course of the final run
through the generalization proof. There are a couple or

,,,;so noted above here, too.

(prov-lema set-diff-append (rewrite)
(equal (aet-diff x (append y z))

(set-diff (set-diff x z) y))
((induct (set-diff x z))))

(prove-lea length-set-diff-leq (rewrite)
(not (lesap, (length z)

(length (set-diff x y))

(prove-lemoa lessp-length (rewrite)
(implies (listp X)

(lesap, 0 (length x)))3 ((enable length)))

(prove-lama listp-intersection (rewrite)
(equal (listp (intersection z y))

(not (disjoint x y)))

((enable intersection)))

(prove-lm length-set-diff-lessp, (rewrite)
(implies (not (disjoint x new))

(laesp (length (set-diff x new))

(length x))))

(prove-lemma disjoint-implies-empty-intersection (rewrite)
(implies (disjoint x y)I (equal (intersection x y) nil)))

The following lemma DISJOINT-flXTERSCTIOl43-EIDILZ is needed for the
proof of hLL-V3P.B-DISJOINT-OR-SUESZTP-GEN-CLOSURR in
generalizeevents. I think I could avoid lemmas like this one if
INTK3SECTION were actually commutative-associative (in which case
I'd got rid of disjoint and rely on normalization).
Xaybe I should redo the notion of disjoint sometime, perhaps using
the fact that intersection is commtative and associative when it'sI equated with nil.

(prove-lemarn disjoint-intersection3-middle (rewrite)
(implies (disjoint y (intersection x in))

(equal (intersection x (intersection y z))

((use (disjoint-wit-witnessets
(x x) (y (intersection y x))))))

(prove-lemma, disjoint-subsetp-hack (rewrite)
(implies (and (disjoint x

(intersection u v))
(subsetp w z))I (disoint (intersection w v)))

((use (disjoint-wit-witnesses
(x U)
(y (intersection w v)))I (di sjoint-non-member
(a (disjoint-wit u (intersection w v)))
(x x)
(y (intersection u v)))

(member-subsetp
(x (disjoint-witu

(intersection w v)))
(y w)

(disable disjoint-non-member merbr-subsetp)))

(prov*-lemma suhsetp-set-diff-sufficincy (rewrite)
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(implies (subsetp x y)
(subsetp (set-diff x z) y))

((enable set-diff)))

;; The following lemma SETP-INTERSCTION-SUFFICIENCY is needed for
;APPING-RZSTRICT from "alists.events", because (I believe)
DOMIN-RISTRICT, which was added during polishing, changed the
course of the previous proof. Similarly for
SBTP-SZT-DIFF-SUFlICIENCY and the lemma MAPPING-CO-RESTRICT.

(prove-lesa stp-intersection-sufficiency (rewrite)
(implies (setp X)

(setp (intersection x y)))
((enable intersection)))

(provo-le ia sotp-set-diff-sufficioncy (rewrite)
(implies (setp x) I

(setp (set-diff x y)))
( (enable sot-diff)) )

The definition of FIX-PROPKRP was also added in polishing because
of a problem with the proof of GEN-CLOSURS-ACCZPT in
"generalize.events". Here are a couple of lemma about it that
might or might not be useful; all other lemmas about it above, and
the definition, were added during polishing.

(disable fix-properp)

(provo-lama subsetp-fix-properp-i (rewrite)
(equal (subsetp (fix-properp x) y)

(subsetp x y))
( (enable subsotp)) )

(prove-lema substp-fix-properp-2 (rewrite)
(equal (subsetp x (fix-properp y)) I

(Bubaetp z Y))

((enable subsetp)))

I
I
I
I
I
I
I
I
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U THE FIE "alisu.eveni"

Requires deftheoy enhancmnt.
Requires sets.

(setq events '

Aunsts, March 1990. Most of the definitions and some of the lemmasI ;; were contributed by Bill Bevier; the rest are by Matt Kaufmann.

Functions defined here:I (deftheory aunst-defina

(alistp domain range value bind rembind invert mapping
restrict co-restrict))

(defn alistp (x)
(if (listp Z)

(and (listp (car x))
(alistp (cdr x)))3 (equal x nil)))

(prove-lma alistp-mplies-properp (rewrite)
(implies (aliatp, x)

(properp Z))

(prove-lea alistp-nlistp (rewrite)
(implies (nlistp x)

(equal (alistp Z)
(equal x nil))))

(prove-leina alistp-cons (rewrite)
(equal (alistp (cons a z))

(and (listp a)
(alistp x))))

(disable alistp)

(prove-lemma. alistp-append (rewrite)
(equal (alistp (append x y))

(and (alistp (fix-properp x)) (alistp y))))

(defin domain (map)
(if (listp map)

(if (listp (car map))
(cons (car (car map)) (domain (cdr nap)))

(domain (cdr map)))
nil))

(prove- leusna properp-domain (rewrite)
(propezp (domain map)))

(prove-lemma domain-append (rewrite)
(equal (domain (append x y))

(append (domain x) (domain y))))

(prove-lemma domain-nlistp (rewrite)
(implies (nlistp map)

(equal (domain nap) nil)))

(prove-lemma domain-cons (rewrite)

(equal (domain (cons a map))
(if (listp a)

(cons (car a) (domain nap))
(domain map))))I (prove-lenuaa member-domain- sufficiency (rewrite)

(implies (member (cons a x) y)
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(member a (domain y)))) 

(prove-lma subsetp-domain (rewrite)
(implies (subaetp x Y)

(subaetp (domain x) (domain y))) )

(disable domain)

(defn range (map) 3
(if (listp map)

(if (listp (car map))
(coona (odr (car map)) (range (odr map)))

(range (cdr map)))

(prove-leaa properp-range (rewrite)

(properp (range map)))

(prove-lema range-append (rewrite)
(equal (range (append al s2))

(append (range al) (rang. s2))))

(prove-lma range-nlistp (rewrite)
(implies (nlistp S&p)

(equal (range map) nil))) I
(prove-lesma range-cons (rewrite)

(equal (range (ens a map))
(if (listp a)

(oons (odt a) (range map))
(range map))) )

(disable range)

DROUDP has been eliminated in favor of mmberahip in domain.
Notion that I have to talk about things like disjointness of
domains anyhow. New definition body would be (member x (domain map)).

; (deafn boundp (x map)
; (if -,istp map)

; (if (listp (car map))

* (if (equal • (caar map))
t

(boundp x (cdr map)) I
; (boundp x (cdr map)))
* f))

(dafn value (x map)
(if (listp map)

(if (and (listp (car map))
(equal x (caar map)))

(cdar map)
(value x (cdr map)))

(prove-lemma value-nlistp (rewrite)
(implies (nlistp map) I

(equal (value x map) 0)))

(prove-lemna value-cons (rewrite)

(equal (value x (cons pair map))
(if (and (listp pair)

(equal x (car pair)))
(cdr pair)

(value x map))))

(disable value)

(deafn bind (x v map)

I
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U ~ ~(if (listp map) p))

(i (bind(arma)
(con (cqa (bind mavpC)) ap))
(cons (cons x v) il)))p)

(coeareb n (ca a)(idxv(d map)))
(f (cst ma)mp bn v(d a))
(if(ns (car mapni)))3~(df (mifd (equalp) carma)
(if~ad mlsp ap)

(f (cns (car map))(ebn (d a))

(cons (c map) (rembind x (cd map))))

(defti invert (map)
(if (listp map)

(if (liatp, (car map))
(cons (cons (od: (car map))

(car (car sap)))
(Invert (cd: sap)))

(invert (ad: map)))
nil))

I (prove-lama properp-invert (rewrite)
(properp (invert map)))

(prove-leina, invert-nlistp (rewrite)
(implies (nlistp map)

(equal (invert map) nil)))

(prov-linma invert-cons (rewrite)
(equal (invert (coms pair map))I (if (listp pair)

(cons (cons (ad: pair) (car pair))
(invert map))3 (invert map)

(prove-lea value-invert-not-meber-of-dmain (rewrite)
(implies (arnd (mmber g (range sg))

(disjoint (domain a) (domain sg)))I (not (member (value g (invert sg)) (domain a)))))

(disable invert)

(defn mapping (map)
;an alist with no duplicate keys

(and (alistp map)
(setp (domain map))))

3 For when we disable mapping.
(prove-ama mapping-iinplies-alistp (rewrite)

(implies (napping map)

(alistp map)))I (prove-lea mapping-implies-setp-donain (rewrite)
(implies (mapping map)

(setp (domain map))))

I (defn restrict (a now-donain)
(if (listp s)

(if (and (liatp (car s))
(member (caar a) new-domain))

(cons (car a)
(restrict (cdr a) new-domain))

(restrict (cdr a) new-domain))
nil))
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(defn co-reatriat (a now-domain)
(if (liatp a)

(if (and (listp (car a))

(not (member (caar a) new-domain)))I
(os(coresc (aaa)ewdmi)

(co-restrict (cdr a) nomain))

nil))

(deftheory alist-defna
(alistp domain range value bind rembind invert mapping

reatrict co-restrict))

alist lemmas

DOAI

The following was proved in the course of the final run throughU
the generalization proof. Actually now I as* that
som other lemmas, are now obsolete, so I'll put theme both
early in the file and delete the others.

(prove-1ame domain-retrict (rewrite)
(equal (domain (restrict a dom))

(intersection (domain a) don))
((enable restrict)))

(prove-leama domain-co-restrict (rewrite)
(equal (domain (co-restrict a don))

(aet-diff (domain a) don))

((enable co-restrict)))

(prove-lama domin-bind (rewrite)
(equal (domain (bind x v map) )

(if (member z (domain map))I

(append (domain map) (list x)))))

(prove-lerna, domain-rembind (rewrite)
(equal (domain (rembind x map))I

(delete x (domain map))))

(prove-laam domain-invert (rewrite)

(equal (domain (invert map))I

((enable-theory &list-defns)))

(prove-lerna range-invert (rewrite)
(equal (range (invert map))

(domain map))
((enable-theory alist-diefns)))I

ROUNOP

(prove-lema boundp-bind (rewrite)I
(equal (member x (domain (bind y v map)))

(or (equal x Y)
(member x (domain map)))))

(prove-lenuma boundp-rembind (rewrite)I
(implies (mapping map)

(equal (member x (domain (rembind y map)))
(if (equal x Y)

fI
(member x (domain map))))))

(prave-leama boundp-subsetp 0I
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(implies (and (subsetp mapi wap2)
(member name (domain mapl)))

(member name (domain map2))))

(prove-lemma disjoint-domain-singleton (rewrite)
(and (equal (disjoint (domain a) (list x))

(not (member x (domain a))))
(equal (disjoint (list x) (domain a))

(not (member x (domain a))))))

(prove-lemma boundp-value-invert (rewrite)
(implies (member x (range map))

(member (value x (invert map)) (domain map)))
((induct (domain map))))

SVALUE

(prove-lmma value-when-not-bound (rewrite)
(implies (not (member name (domain map)))

(equal (value name map)

0))I01
((induct (domain map))))

(prove-lmma value-bind (rewrite)
(equal (value x (bind y v map))

(if (equal x y)V
(value x map))))

(prove-lemma value-rembind (rewrite)
(implies (mapping map)

(equal (value x (rembind y map))

(if (equal x y)

(value x map)))))

(prove-lemma value-append (rewrite)
(equal (value x (append al s2))

(if (member x (domain al))
(value z al)

(value x a2))))

(prove-lem-a value-value-invert (rewrite)
(implies (and (member x (range a))

(mapping a))
(equal (value (value x (invert a))

x))
( (enable-theory alist-dafn)))

MAPPING

(prove-lemma mapping-append (rewrite)
(equal (mapping (append sl s2))

(and (disjoint (domain a1) (domain s2))
(mapping (fix-properp al))
(mapping *2))))

(disable mapping)3;; RESTRICT and CO-RESTRICT

(prove-lama alistp-restrict (rewrite)
(alistp (restrict a r)))

(prove-lemma aliatp-co-restrict (rewrite)

(alistp (co-restrict a r)))

(prove-lemma value-restrict (rewrite)

I
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(implies (and (mmber a r)

(member a (domain a)))

(equal (value a (restrict a r))

(value a a))))

(prove-lemma value-co-restrict (rewrite)

(implies (and (not (member a r))
(member a (domain a)))

(equal (value a (co-restrict a r))
(va-lue a S) ))

(prove-lema mapping-restri t (rewrite) I
(implies (mapping a)

(mapping (restrict a x)))

((enable mapping)))

(prove-lemma mapping-o-restrict (rewrite)
(implies (apping a)

(mapping (co-restrict a x)))

((enable mapping)))

(disable restrict)

(disable co-restrict)

I
I
I
I
I
I
I
I
I
I
I
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THE FELE "tenns.cvents"

Requires deftheory, dafn-sk, and constrain enhancmsnts.
Requires sets and &lists libraries.

(setq events 'C

;This is a library of events about terms, including substitutions.
A TZRNP is either a variable or the application of a function

;symbol to aprper list" of terms. Variables and function symbol*

NOTE: In functions like TU) that have a flag, it seems to be
important to use T and 7 rather than, say, T and 'LIST. That's
because otherwise, the "wore-than" heuristic will otherwise
prevent some necessary backcbaining in cases where the hypothesis

;to be relieved is of the form (TERNP 'LIST ... ) and an "ancestor"

is of the form (TER)P T..

Definition&:I ;; (deftheozy term-defne
(variablep-intro variable-liatp termp function-symbol-intro all-vera))

(deftheory substitution-defna
(instance var-substp compose apply-to-subst subst
nullify-subst ;;returns a substitution whose range has no variables

(constrain variablep-intro (rewrite)
(and(impies(listp x)

(not (variablep x)))
(or(trep(variablep X))

(as (variablep x))))
((variablep nlistp)))

(defn variablo-listp (x)
(if (listp X)

(and (variablep (car x))
(variable-listp (cdr x)))

(equal x nil)))

(prove-loma variable-liatp-implis-properp (rewrite)
(implies (variable-listp x)

(properp x)))

(prove-lemma variable-liatp-cons (rewrite)
(equal (variable-listp (cons a x))

(and (variablep a)
(variable-liatp x))))

(prove-lemma variable-nliatp (rewrite)
(implies (nlistp x)

(equal (variable-listp x)
(equal x nil))))

(disable variable-listp)

(constrain function-symbol-intro (rewrite)
;We designate ZERO as a function symbol

(function-symbol-p (fn))
((function-symbol-p litaton)
(fn (lambda () 'zero))))

(defn termp (flg x)
(if flg

(if (variablep xc)
t
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(if (litp X)
(and (termptinso- (car x))

(temp f (cd x)))

(equal x nil))))3

(prov-la termp-list-cons (rewrite)
(equal (tormp f (cons a x))

(and (tezop t a)

(termp f X)

(prove-um& torup-list-nliatp (rewrite)
(implies (nlixtp x)

(equal (terup f x)
(equal x nil))))

(prove-lma tormp-t-cons (rewrite)
(implies fig

(and (function-.ymbol-p a)
(equal t or fg (osaX)M)

(prove-lma termp-t-nlistp (rewrite)
(implies (and fig

(not (listp x)))
(equal (termp fig x)

(disale trmp) (variablep x))))

(prove-lema terup-list-implies-properp (rewrite)
(implies (terap f x)

(poer ))I
((induct (properp x))))

(deft all-vars (fig x)
;duplicates are okI

(if (variablep X)
(list X)

(if (listp X)I

nil))
(if (listp x)

(append (all-vars t (car x))
nil))) (all-yars f (cdr x)))I

(prove-lemma properp-all-vars (rewrite)

(properp (all-vars fig x)))I

(prove-lemma all-yams-list-cons (rewrite)
(equal (all-vars f (cons a x))

(append (all-vars t a)I

(prove-lesma all-vams-t-cons (rewrite)
(implies fig

(equal (all-vars fig (cons a x))

(all-var. f x))))

Here is a hack to deal with the flags.3

(prove-lemmna all-vare-subaetp-append-hack (rewrite)
(implies (and flgi flg2)
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U(and (subsetp (all-wars figi X)
(append (all-vars flg2 x) y))

(subsetp (All-vars figi X)

(append y Call-vars flg2 x))))))

The following is used later in the proof of HK)MB-PRZsERVZS-DISJOINT-ALL-VA.S
and could conceivably be of use elsewhere.

(prove-leamma all-vazs-flg-boolean nil

(implies flg
(equal (all-vars flg x)

(all-wars t x)))
((enable-theory t)))I (disable all-wars)

(defthoory term-deffla
(variablep-intro variable-listp termp function-symbol-intro all-wars))

;;;lemmas about termps

(prove-lemma variable-listp-set-diff (rewrite)
(implies (variable-liatp x)

(vaiablo-listp (set-diff x y)))
((enable-theory teza-defne)))

(prove-lena all-wars-variablep (rewT toe)
(implies (and flg (variablep, x))

(equal (all-wars flg x) (list x)))

((enable-theory t)))

(prove-lemma member-ariabl-listp-implies-variablep (rewrite)
(implies (and (member a x) (variable-listp x))

(variablep, a))
((enable-theory t)))I The following was proved in the course of the final run through the
generalization proof.

(prove-lemaa variable-listp-interaection (rewrite)
(implies (or (variable-listp x) (variable-listp y))

(povle arae-st (intersection x y)

((en(resric intrsetio))

(prove-lemma tormp-range--restrict (rewrite)
(implies (termp f (range sm))

(termp, f (range (crestrict a x))
((enable crestrict)))

(prove-lemna ner-rne-eresdicit-a(rewrt e na i
(implies (andp (jonte yall asf))

(omemfbrange x)) esrcax))

(mle (a(disjoint y (all-va t ))

((induct (member g x))

(prove-lemma member-preserves-disjoint-all-vars (rewrite)
(implies (and flg

(disjoint y (all-vars f x))
(member g x))

(disjoint y (all-wars flg g)))
((us* (member-preserves-disjoint -all -vars-leum)

(all-vars-flg-boolean (x g))f)

(prove-lemma nember-all-vars-su .setp (rewrite)3 (implies (and flg
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(ebra x))
(Subaetp (all-vars fig a)

(all-var. f x)))3
((enable member)))

(prove-lemma all-var.- f-monotone (rewrite)
(implies (subsetp x y)

(subsetp (all-vars f x) (all-var. f y)))

((enable subsotp all-var.)))I

;;; ubstitutions: definitions

(defn var-substp (a)3
(and (mapping a)

(variable-listy, (domain a))
(termp f (range G)

(defn subst (fig a x)I
;work, for other than var-substp's

(if fig
(if (member x (domain a))

(value x a)
(it vra px

(if (listp X)
(cons (car x)

(subst f a (adz x)))I
impossible value of f for non-termp

f))
(if (listp x)

(os(subst f a (cdar x)))
(c s(ubst t a (car x)))

nil))

(defn apply-to-mibst (al s2)
;apply a1 to each term in range of s2

(if (listp &2)
(if (listp (car &2))

(cons (coma (aaz s2) (.ubst t &I (odar s2)))
(apply-to-ubst al (odin s2)))

(apply-tosusut (odin .2)))
nil))

(defn compose (al &2)3
;represents the result of applying al and then s2

(append (apply-to-subst s2 a1)
s2))

Later we may wish to prove correctness of one-way-unify
(dafn-sk instance (fig terml, tm2)

;term.i is an instance of term2
(exists one-way-unifier

(and (var-substp one-way-unifier)I
(equal terml, (subst fig one-way-unifier temn2)))))

substitution lemmas

(prove-lmma. subst-list-cons (rewrite)
(equal (subst f s (cons a x))

(cons (subst t a a)
(Subst f a x))))3

(prove-lemma subst-list-nlistp (rewrite)
(implies (nlistp x)

(equal (subst f a x) nil)))

(prove-lemma subst-t-variablep (rewrite)
(implies (and fig

(variablep x))
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1 (equal (subt fi:a x)

(implies fig
(equal (subst fig a (cons fn x))

(if (member (cons fn x) (domain a))

(implies (and fig
(member x(domain a)))

(subsetp (l-asfig (value x 8))Ialvr f (range a))))
hint needed for induction

((enable range)))

(prove-leanma all-vazs-subat (rewrite)
(implies (terup fig X)

(subsetp (all-vars fig (subst fig a z))
(Append (all-wars fig X)

((enable termp))) (all-vars f (range a)))))

(prove-lemma subst-occur (rewrite)
(implies (and fig

(member x (domain a)))
(equal (subst fig a x)

(value x 8))))

(prove-lemma boundp-in-var-substp-imoplie.-variablep (rewrite)
(implies (and (variable-liatp (domain a))

(not (variabiep a)))
(not (member a (domain a))))3 ((induct (domain s))))

(prove-lemma variablep-value-invert (rewrite)
(implies (and (variable-listp (domain a))

(member x (range a)))
(variablep (value x (invert a))))

((induct (range a))))

(prove-leana subat-invert (rewrite)
(implies (and (termp fig x)

(disjoint (domain a) (all-yams fig x))
(var-substp a))

(equal (subst fig a (subst fig (invert a) x))
X))I ((enable termp)))

(prove-lemima domain-apply-to-subst (rewrite)
(equal (domain (apply-to-subst sI s2))

(domain s2)))

(prove-lemma alistp-apply-to-subst (rewrite)
(alistp (apply-to-subst a1 s2)))3 (prove-lemma mapping-apply-to-subst (rewrite)
(implies (mapping a)

(mapping (apply-to-subst al a)))

((enable napping)))I Lemmas like the following shouldn't be necessary if congruence

relations (as suggested by Bishop Brock) are implemented.
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(prove-lamea subt-fig-nt-liat (rewrite)
(implies fig

(and (equal (equal (aubat fig a x)
(aubat t a X))

(equal (equal (aubst t a x)
(aubet fig a x))

(prove-losma aubt-co-reatrict (rewrite)
(imaplies (and (disjoint x

(intersection (domain a) (all-vars fig term)))

(variable-iatp (domain a))

(equal (aubat fig (co-reatrict a x) term)

(aubat fig a term))))

(prove-lemma, ubt-reatrict (rewrite)I
(implies (and (subastp (intersection (domain a) (all-vara fig term))

X)
(variable-listp (domain a))
(termp fig tern))I

(equal (aubat fig (restrict a x) term)
(aubat fig a term))))

(prove-lemma tezWp-value (rewrite)
(implies (and fig

(member x (domain a))
(tormp f (range a)))

(termp fig (value x a)))
(indblet (vlue )))

((inable talu) ))

(prove-lemma termp-subat (rewrite)
(implies (and (termp fig x)I

(terap fig (subat fig a x)))

(prove-lomma torm-dociain (rewrite)3
(implies (variable-listp (domain a))

(termp f (domain a)))

((enable tormp)

(induct (domain a))))I

(prove-lema& var-eubstp-apply-to-aubst (rewrite)
(implies (and (tom f (range a))

(termp f (range ag)))
(termp f (range (apply-to-aubat ag a))))I

(prove-leama value-appiy-to-subst (rewrite)
(implies (member g (domain a))I

(equal (value g (apply-to-aubat ag a)
(aubat t ag (value g a)))))

(prove-lemma non-variablep-not-member-of-variable-listp (rewrite)
(implies (and (variable-listp d)

(not (variablep term)))
(not (member term d)))

((induct (member term d))))

(prove-lemma compo-property-reversed (rewrite)
(implies (and (variable-listp (domain s2))

(temp fig x))
(equal (subst fig (compose al s2) x)I

(aubat fig &2 (aubst fig al x))))

((enable termp)))
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(poelma(iemrlte) ad(aial-i (domain s2))

(termp fig x))

(equal (subst fig s2 (subst fig &I x))
(subst, fig (compose s1 s2) x)))

((disable coupose)))I (disable oompoe-proprty-reversed)

(prove-lemma. subst-not-occur (rewrite)
(implies (and (tezup fig x)

(variabie-iistp (domain a))
(disjoint (domain a) (all-vars fig x)))

(equal (subst fig a x) x))
((enable termp)))

(prove-lemma disjoint-range-implies-disjoint-value (rewrite)
(implies (and (member x (domain a))

fig
(disjoint z (all-vars f (range a))))

(disjoint x (all-var. fig (value x a))))
((use (subsetp-dinjoint-2

(z (all-vaws fig (value xa )))

(y (all-yaws f (range a)))
(z Z))

(prove-lemma, disjoint-all-vars-subst (rewrite)
(implies (and (terup fig x)

(disjoint z (all-var. fig x))
(disjoint (all-var f (rantfg a)x))
(disjoint z (all-var . tl (rantfg as))))

((enable terup)))

(prove-lemmta all -vara-variable-listp (rewrite)
(implies (variable-listp x)

(equal (all-var. f X)
3t))

((induct (variable-listp x))))

(prove-lemma variable-listp-append (rewrite)
(equal (variablo-listp (append x y))

(and (variable-listp (fix-properp x))
(variable-listp y)))

((induct (domain a))))

(prove-lemma tormip-list-append (rewrite)
(equal (termp f (append x y))I (and (termp f (fix-properp x))

(terup f y))
((inducL (range a))))

(prove-lemma apply-to-subst-append (rewrite)
(equal (apply-to-subat sq (append a1 s2))

(append (apply-to-subat sq sl)
(apply-to-subst sq s2f))

(prove-lemma subst-apply-to-subst (rewrite)
(implies (and fig

(member g (domain a)))
(equal (subst fig (apply-to-subst sq a) g)

(subst fig sq (value g a)))))

(prove-lemma subst-append-not-occur-l (rewrite)
(implies (and (termp fig x)

(variable-listp (domain sl))
(disjoint (all-vars f (domain al))

(all-var. fig x)))
(equal (subst fig (append al s2) x)
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(subst fig s2 x)))
((induct (aubst fig a2 x))))

(prove-lenmha subst-append-not-occur-2 (rewrite)
(implies (and (termp fig x)

(variabie-istp (domain &2))
(disjoint (all-vars f (domain a2))

(all-va:. fig x)))
(eul(subst fig (apen al)s)x
(eul(Subst fig appn .1 .)

((induct (subst fig s2 x))))

(prov-lea appiy-to-subst-is-no-op-for-disjoint-domain (rewrite)
(implies (and (variabl*-listp (domain al))

(alistp s2)
(termp f (range s2))
(disjoint (domain al) (all-var. f (range s2))))

(equal (apply-to-subst al s2)I

(prove-lemma amiber-subst (rewrite)

(implies (and fig (member a x))I

(Subat f a z)))
((enable member)))

(prove-ismma subsetp-subst (rewrite)I
(implies (subsetp x y)

(subsetp (subat f a X)
(subst f a y)))

((enable subsetp)))

(disable instance)
(disable compose) -- CONPOSZ is left enabled for use with COMPOSS-PROPZRTY

(disable apply-to-subst)
(disable subst)I
(disable rembind)
(disable bind)

no variables

(defn nullify-subst (a)

(if (liatp 8)I

(cons (cons (caar a) (list (fn)))
(nullify-subst (cdr a)))

(nullify-subst (cdc a)))

nil))

(prove-lemma properp-nullify-subst (rewrite)
(properp (nullify-subst a)))3

(prove-lemma all-vars-f-range-nullify-subst (rewrite)
(equal (all-var. f (range (nullify-subut a)))

nil))

(prove-lazma termp-ranqe-nullify-subst (rewrite)I
(termp f (range (nullify-subst a))))

(prove-lemma domain-nullify-subst (rewrite)

(equal (domain (nullify-subst a))

(prove-leanna mapping-nullify-subst (rewrite)
(implies (alistp s)I

(equal (mapping (nullify-subst s))
(mapping a)))

((enable mapping)))
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I (provo-ebns disJoint-ail-vars-sibst-nuilify-subat (rewrite)
(implies (termp fig term)

(disjoint (domain ag)
(all-vars fig

((enale sbet)(subst fig (nullify-subst ag) term))))

(disable nullify-subst)))

(prove-lemma disjoint-all-vars-range-apply-subst-nullify-subst (rewrite)

(disjoint (domain sg)
(all-var. f

((enable apply-to-subst) (range (apply-to-subat (nullify-subst sg) a)))))

(disable nullify-subat)))

(disable nullify-subst)

(daftheozy substitution-defna
(instance var-substp compose apply-to-subst subat nullify-subst))
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Requires sets, &list*, and terss which however currently contain aI
number of rules that aren't really needed here, even indirectly.

;;This in a proof soundness of a slight abstraction of the C3)IXPALXZZ

command of PC-UQTHM.I

Here's what I want to prove.

(implies (aid (geneiralime-okp sq state)I
(valid-state (generalize sq state)))

(valid-state state))

I also prove the much simpler fact, GKWRRALXZZ-ST&TEP:

(implies (generalize-okp sq state)
(statep (generalize sq state)))

<<(1 >
(constrain theorem-intro (rewrite)

(and (implies (and (theorem x)
flg)

(termp flg x))
(implies (and (theorem x)I

fig
(var-substp a))

(theorem (subst flg a x))))

((theorem (lambda (x) f))))

<< 2 >>
(defn theorem-list (x)

(if (listp X)
(and (theorem (car x))I

(theorem-list (cdr x)))
(equal x nil)))

<< 3 >>I
(prove-leama theorem-list-properties (rewrite)

(and (implies (theorem-list x)
(termp f x))

(implies (and (theorem-list x)I

(theorem-list (subst f a x)))))

<< 4 >>
(dafn statep (state)

(and (listp state)
(termp f (car state))
(variable-listp (cdz state))))

<< 5 >>
(defn-sk valid-state (state)

(and (statep state)
(exists witnessing-instantiationI

(and (var-substp witnessing-instantiation)
(subsetp (domain witnessing-instantiation) (cdr state))
(theorem-list (subst f witnessing-instantiation (car state)))))))

(defn new-gen-vars (goals tree vars)
(if (listp goals)

(lot ((current-free-vars (intersection free (all-,-arm t (car goals)))))
(if (disjoint current-free-vars vars)I

(new-gen-vars (cdr goals) free vars)

(append current -free-vars
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H (new-gem-vats (cdt goals) ftee vats))))
nil)

(dafn cardinality (x)
(length (make-set x)))

Next goal: get the definition of GEN-CLOSURE accepted. In fact,
the lema GKN-CLOSURZ-ACEP below suffices, taking NEW to be
(NEW-GN-VARS GOLLS FREE IREI-VAflS-3O-VIR) as long as we prove the
following lema, NEW-OIN-VARS-SUST.

I ~< (prove-lema new-gen-vare-subset (rewrite)
(subsetp (new-gen-vars goals free vars)

free))

;It Is interesting to note that the exact form of the following
leama changed while polishing the proof, since rewrite rules
applied to the old version so as to make it irrelevant.

I (( (prove-lama gen-olosure-acoept (rewrite)
(implies (and (not (subsetp new free-vats-so-far))

(subsetp new free))
(lesap (difference (difference (length (make-set free))

(length (intersection (make-set free)
free-vats-so-far)))

(length (intersection (set-diff (make-set free)
free-vars-so- far)

(difference (length (make-set free))w)

(length (intersection (make-set free)
free-vats-so-far))))))

Here I have a choice: I could intersect the accumulator with free
at the end, or I could assume that it's intersected with free
before it's input. I'll choose the former approach, so that I'll
have a simpler rewrite rule and so that I can call gen-closure more
eitpl.~ bI prisol thamte wt atrease o itreon bne
sitpl, bu maybwish thate wt agmattcintersecton ine

I (< 10(defn gem-closure (goals free free-vats-so-far)
Returns the goals with variables among the closure of the vats of
goals-so-far under the "occurs in the sam goal a'' relation,
restricted to free.I (let ((new-free-vats (new-gen-vars goals free free-vats-so-fat)))

(if (subsetp new-free-vars free-vats-so-far)
(intersection free-vats-so-far free)

(gen-closure goals free (append new-free-vats free-vats-so-fat))))

((lesnp (cardinality (set-diff free free-vats-so-fat)))))

<< 11 >>

(defn generalize-okp (sg state)I (and (var-substp sg)
(statep state)
(disjoint (domain sg)

(all-vats f (car state)))
(listp (car state))I (disjoint (domain sg) (cdr state))))

<< 12 >>
(defn generalize (sg state)

(lot ((g (caar state))
(p (cdar state))
(free (cdt state)))

(let ((new-g (subst t (invert sg) g)))



generalize.events ((oani76

(gsat-closurs (cons new-g p)

(let ((new-free (all-vars t new-g))))

(aet-dif f free
(intersection damain-i (all-vars f (range sg))))))

(coons (cons new-g p)

new-free))))

Usre is a fact, not needed elsewhere, that in worth noticing, in
case we wish to extend the main theorem to a sequence of

PC-NQHM-like coinanda.

<< 13 >>
(prove-lama generalize-statep nil

(implies (generalize-okp sq state)I
(statep (generalize sg state))))

<< 14 >>
(defn gen-inst, (ag state)

(let ((a (witnessin-instantiation (generalize sg state)))I

(p (odarC state))
(fre (odr state))) (fre (od stae))

(let ((new-g (subst t (invert sg) g)))
(let ((domain-i (gen-closure (cons new-g p)

(cdr state)
(all-vars t new-q))))

(let ((al (restrict a domain-l))

Ws (apply-to-subst
(nullify-mubat sq)
(co-restrict a domin-i))))

(apply-to-subst

(apply-to-subst s2 sg)1

Let's see that it suffices to prove the result of opening up the
conclusion of the main theorem with a particular witness.

(add-axiom main-theorem-l (rewrite)
(let ((wit (gen-inst sq state)))

(implies (and (qenaralize-okp sq state)I
(valid-state (generalize sq state)))

(and (statep state)
(var-substp wit)
(subsetp (domain wit) (cdz state))I
(theorem-list (subst f wit (car state)))))))

(prove-leama generalize-is-correct (rewrite)
(implies (and (qeneralize-okp sq state)

.. (vlid-estate) (gnrlz gsae)
(valid-estate)(eeaie)qsae)

((disable-theory t)
(enable-theory ground-zero)

(enable main-theorem-i)I

(witnessing-instantiation (gen-inst sq state))))))

So, it suffices to prove main-theorem-i. The first three conjuncts
of the conclusion are quite trivial.

<< 15 >>
(prove-lema main-theorem-i-case-i (rewrite)I

(implies (qeneraiizo-okp sq state)

(statep state)))
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«<16 >
(prov*-leina valid-state-opener (rewrite)

(equal (valid-state state)
(and (statep state)

(lot ((witnessinq-instantiation (witnessing-instantiation &tat*)))
(and (var-substp witnessing-instantiation)

(thoremlist(sust witessng-nstatiaion(car state)))))))
((disable..theory t)stt)

(us (vlidstae (itnssiq-istatiaion(witnessing-instantiation state))))))

<< 17 >>
(prove-lomma main-theorea-l-case-2 (rewrite)I (lot ((wit (gen-inst sq state)))

(implies (and (generalize-okp sq state)
(valid-state (generalize sq state)))

(var-substp wit)))I ((disable generalize)))

<< 16 >>
(prove-lemma subsetp-odz-goneralize (rewrite)

(subsetp (odr (generalize sq state)) (cdr state)))

At this point I had to prove SUBSZTP-SZT-DIUY-SUFWICIZNCY because
of som lemma that was created during the polishing process
(perhaps DOMIN-RESTIC!).

<< 19 >>
(prove-lemma siain-theorem-l-caae-3 (rewrite)

(let ((wit (gen-inst sq state)))
(implies (valid-state (generalize sq &tat*))

(subsetp (domain wit) (cdx state))))
((disable generalize)))

;;so now we only have to prove 2GZN-!!BZOREM-1-CASS-4 (written hereI without use of LU!!):

(add-axiom main-theorem-l-case-4 (rewrite)
(implies (and (generaliz*-okp sq state)

(valid-state (generalize sq state)))

(let ((wit (gen-inst sq state)))

(vald-aat*(generalize sq state)))
(and (statep state)

(var-suhstp wit)
(subsetp (domain wit) (cdr state))
(theorem-list (subst f wit (car state))))))

((disabl:-theory t) anternlae-

<<20 >
(defn gen-netting-substitutions (al s2 sg)

(and (var-substp al)

(var-substp s2)
(var-substp sg)
(disjoint (domain al) (domain ag))
(disjoint (domain a2) (domain ag))
(disjoint (all-vars f (range mg))
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(domain al))

(disjoint (all-vare f (range s2)) (domain sg))))

<< 21 >>
(dfan main-hyps (al *2 sq g p)

(and (temp t g)
(disjoint (all-var t g) (domain sg))
(tersp f p)
(disjoint (all-vaxe f p) (domain sg))
(gen-metting-substitutiona al &2 ag)
(theorem-list (msbst f (append &1 &2)

(cons (subst t (invert sg) q) p)))))

The goal above, WLIN-TUOREM-l-CLSE-4, should follow from the
following two leas.

(add-axiom main-hyps-suffice (rewrite) I
(implies (and (listp goals)

(main-hyps a1 s2 ag (car goals) (cdr goals)))
(theorem-list (subst f

(apply-to-subat (apply-to-subst s2 sg) I
• ; ; (append &I s2) )

goals))))

(add-axiom main-hyps-relieved (rewrite)
(let ((g (caar state))

(p (cdar state))
(free (odz state))
(a (witnessing-instantiation (generalize ag state))))

(let ((nw-q (subat t (invert sg) g)))
• ; ; (let ( (domain-i

(gen-closure (cons new-g p) free (all-vars t new-g))))
(let ((al (restrict a domain-1))

(s2 (apply-to-subat (nullify-suibst s)
(co-restrict a doain-l))) )

(implies (and (eneralize-okp sg state)
(valid-state (generalize sq state)))

(main-hype *I s2 eg g p)))))))

(prove-lemma main-theorem-l-case-4 (rewrite)
(implies (and (generalize-okp ag state)

(valid-state (generalize sg state)))
(theorem-list (subst f (gen-inst sg state) (car state)))) I

;; ( (disable-theory t)
(enable-theory ground-zero)
(enable gen-inst main-hyps-suffice generalize-okp main-hyps-relieved)))

So, now let us start with MLAIN-YPS-SUFFICE. It should follow from
two subgoals, as shown: I

(add-axiom ain-hyp-suffice-first (rewrite)
(implies (main-hyps al s2 sq g p)

(theorem (subst t
(apply-to-subst (apply-to-subst s2 mg) I

(append a1 s2))
;;, q))))

; (add-axiom main-hype-suffice-rost (rewrite)

(theorem-list (subst f

(apply-to-subst (apply-to-subst .2 sg)
(append a1 s2))

(prove-lemmas main-hyps-suffice (rewrite)
(implies (and (listp goals) 1

I
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(main-hyps &I - s q (ca gols (c goals)))
(theorem-list (saubst f

(apply-to-subst (apply-to-subst *2 mg)
(append al &2))

goals)))

(eniabletheozymlt sb main-hyps-suffice-first main-hype-suffice-rest)))

Consider the first of those. Although COMPOSE-pROPERTY is
used in the proof (because it's enabled), it's actually not

;;enabled, and roughly 9 minutes without; at least this was the

caseat ne pintdurng te poofdevelopment.

(prove-lmma main-hyps-suffice-firat-lsma-general nil
(implies (and (tormp flg g)

(disjoint (all-vars fig g) (domain ag))
(gen-setting-substitutions a1 s2 ag)

(equal sq-i (invert ag)))

(apply-to-subst (apply-to-subst s2 sq)
(append si *2))

(subst fig (appiy-to-subst @2 sg)
(subat fig (append a1 n2)

(subst fig sq-i g)))))
((induct (subst fig sg-i g))))

<< 23 >>
(prove-lemma main-hyp-suffice-firt-lmmna (rewrite)
(implies (and (termp t g)

(disjoint (a21-vars t g) (domain ag))
(gen-setting-substitutions si s2 ag))

(equal (subst t
(apply-to-subst (apply-to-subst &2 ag)

(append ai s2))

(subst t (apply-to-subst s2 sg)

(subst t (append al s2)
(subst t (invert sg) g)))))

((use (main-hyp-suffice-first-lmma-general (fig t) (sq-i (invert sg))))
(disable-theory t)
(enable-theory ground-zero)))

<< 24 >>
(prove-lemma nain-hyps-suffice-first (rewrite)

(implies (iaain-hyps sl s2 sq g p)
(theorem (subst t

(apply-to-subst (apply-to-subst s2 sg)IM (append al s2))

Disabling compose-property is necessary so that the fact
that theorenhood is inherited upon substitution is used. Disabling
APPLY-TO-SUBST-APPEND is necessary so that
HAZN-HYPS-SUVFICE-FIRST-LEMOA is used (a Knuth-Sendix sort of
p:roblem).

(disable compose-property apply-to-subst-append)))I The following is useful with a - (append sl s2).

<< 25 >>
(prove-lemma main-hyps-suffice-rest-lemea (rewrite)
(implies (and (termp fig p)

(variable-iistp (domain sg))
(disjoint (all-var. fig p) (domain sq)))

(equal (subst fig
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(apply-to-subst (apply-to-subat s2 ag)

P))

(subst fig
(apply-to-subst s2 sg)
(subst fig a p))

<< 26 >>
(prove-lama main-hyps-suffice-cest (rewrite)

(implies (main-hype al &2 ag q p)
(theorem-liat (subst f

(apply-to-sUbat (apply-to-subst s2 sg)

PM(append a1 &2))I
If I don't disable compose-property I qat an infinite loop
in the rewriter, it seems.

((diabie apply-to-subst-append compos-property)))

<< 27 >>
(prove-lema main-hyps-suffice (rewrite)

(implies (and (listp goals)

(thomist(bt(min-hyps al &2 sq (oar goal.) (cdr goals)))I

(apply-to-subet (apply-to-eubst s2 eg)
(append .1 s2))

((disable-theory t)I
(enable-theory ground- zero)
(enable theorem-list subst main-hyp-suffice-first main-hype-suffice-rent)))

I'll disable the two lemmas used above so that I avoid the possibility
of looping with compose-property.

<< 28 >>

(disable main-yp-suffice-first -lema)I

(disable main-hyps-suffice-rest-lema)

All that remains now is to prove 3BXN-HYS-RULIKVED. If we open up

NAIW-MgP we see what the necessary subgoals are. R~ecall the

(defn main-hype (al s2 ag g p)I
(and (termp t g)

(disjoint (all-vats t g) (domain ag))
*(termp f P)

(disjoint (all-vars f pl) (domain ag))
(gen-setting-substitutions al s2 eg)I
(theorem-list (subet f (append al s2)

(cons (subst t (invert ag) g) p))

<< 30 >>
(prove-lemma main-hype-relieved-i (rewrite)

(let ((g (caar state)))

(implies (generalize-okp ag state)I

<< 31 >>
(prove-lemma main-hype-relieved-2 (rewrite)

(let ((g (caar state)))I
(implies (generalize-okp ag state)

(disjoint (all-vars t g) (domain eg)))))<< 32 >
(prove-lmm- main-hyps-relieved-3 (rewrite)

(let ((p (cdar state)))
(implies (generalize-okp ag state)
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(termp f P)

<< 33 >>
(prove-lemma main-hyps-rolieved-4 (rewrite)

(lo (((ai ag)))tae))

(dis joint (l-asfp dmi g))

(add-axiom main-hyps-relieved-5 (rewrite)
(let ((g (caar state))

(p (ada: state))
(free (ad: state))
(a (witnessing-instantiation (generalize sq state))))

(l (new-lsuret (con~s )- p) free (all-vars t new-g))))

(let ((sl (restrict a domain-i))
(&2 (apply-to-subst (nullify-subst mg)

(co-restrict a domain-i))))
(implies (and (generalize-okp sq state)

(valid-state (generalize sq state)))
(gem-setting-substitutions &1 s2 sg)))))))

(add-axiom main-hyps-relieved-6 (rewrite)
(let ((g (aaar state))

(p (odar state))

(let cd state))
(a (witnessing-instantiation (generalize sq state))))

(le (no-g(subst t (invert sq) g)))
(let ((domain-i

(gem-closure (cons new-g p) free (all-vars t new-g))))
(e sl(restrict a domain-i))

s2(apply-to-subst (nullify-subst sg)
(ac-restrict a domain-i))))

(iples(ad(valistate (geraie)stae)
(ad(gvalis-ate sqnrlie state) )

(theorem-list (subst f (append al s2)
(cons (subst t (invert ag) q) p)))))))))

(prove-lemma main-hyps-relieved (rewrite)
(let ((g (caar state))

(p (adar state))
(free (cd: state))
(a (witnessing-instantiation (generalize sg state))))

* (let ((nw-g (subst t(invert ag) g))) (l-a e-))

(s2 (apply-to-subst (nullify-subst ag)
(co-restrict a domain-i))))

(implies (and (generalize-okp sq state)

(valid-state (generalize sq state)))
(main-hyps al s2 sq g p))))))

((disable-theory t)
(enable-theory ground-zero)

.. (enable main-hyps nain-hyps-relieved-l main-hype-relieved-2
main-byps-relieved-3 main-hyps-ralieved-4

GEN-SETTING-StJBSTITUTIONS gives us a number of subgoals.

Thecs for the is two conjuncts of GEN-SETTING-StJBSTITUTIONS

doonot require knowledge about DOMAIN-i (or G, P, FREE, or NEW-C),

but simply follow from the validity of the state (GENERALIZE SC

STATE). Disabling GENERALIZE is very useful for the first of these
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;ee (probably not necessary, though I didn't lot the prover run long

enough to find out for sure).

<< 34 >>
(prove-lemma main-hyps-relieved--lemma-i (rewrite)

(let ((s (witnesing-instantiation (generalize sg state))))
(let ((ai (restrict a domain-i))

(&2 (apply-to-subst (nullify-aubst sg)
(co-restrict a domain-i)))) I

(implies (valid-state (generalize sg state))

(and (var-substp al)
(var-substp a2)))))

((disable generalize))) 

The next case is trivial.

<< 35 >>

(prove-lama main-hyps-relieved-5-enma-2 (rewrite)
(implies (generalize-okp sg state)

(var-substp s)))

For the next two conjuncts of GEN-SETTING-SUBSTITUTIONS we first
observe that (DOMAIN 3) is disjoint from (DOMAIN SG), and then we

:; use SUISZTP-DISJOINT-3 where X is the domain of Si or S2, Y is the
domain of S, and Z is the domain of SG:

(IMPLIES (AND (SUBSETP X Y) (DISJOINT Z Y)) I
(DISJOINT X Z))

< 36 >>
(prove-lemma witnessing-instantiation-is-disoint-from-generalizing-substitution nil

(let ((a (witnessing-instantiation (generalize sg state)))) m
(implies (and (genoralize-okp sg state)

(valid-state (generalize sq state)))
(disjoint (domain a) (domain as)))))

Here we abstract away DOMAIN-I (and hence G, P, FREE, and NEW-G).
Incidentally, a similar phenomen-n occurred here to the one
reported just above the statement above of MAIN-THEOREM-1-CASE-3:
final polishing resulted in the need for another lema. That extra
lemma is DISJOINT-SKT-DIII-SUFICINCY in this case, to be found in

; ; sets.events".

<< 37 >>
(prove-lemma main-hype-relieved-5-l mma-3 (rewrite) m

(let ((a (witnessing-instantiation (generalize sq state))))
(let ((sl (restrict a domain-l))

(s (apply-to-subst (nullify-subst aq)
(co-restrict a domain-i))))

(implies (and (generalize-okp sq state)
(valid-state (generalize sq state)))

(and (disjoint (domain el) (domain sg))
(disjoint (domain s2) (domain sg))))))

((use (witnessing-instantiation-is-disjoint-from-generalizing-substitution))
(disable generalize-okp valid-state-opener generalize)))

The lemma MAIN-HYPS-RELIEVED-5-LEMMA-4-WIT is true because the
domain of s is contained in the free variables of the generalized
state (by :hoice, i.e. definition, of WITNESSING-INSTANTIATION),
which is disjoint from the intersection of the indicated
GEN-CLOSURE with the variables in the range of sq. I'll use a
trick that I learned from Ken Kunen (definable Skolem function is
all, really) to reduce disjointness considerations to membership

;considerations.

<< 38 >
(prove-lemma main-hyps-relieved-5-lena-4-wit (rewrite) m

(lot ((g (caar state))

(p (cdar state))
(free (cdr state))

I



((witnessing-instantiation (genealize sg stat:))))

(lot ((new-q (subst t (invert sg) q)))

(lot ((&l (restrict a domain-i)))
(implies (and (generalize-okp sq state)

(valid-stat. (generalize ag state))
(member wit (all-var. f (range sg)))
(member wit (domain a)))

(not (member wit domain-1)))))))

((disable gen-closure subst invert all-vars restrict)))

I « 39(prove-lemma inain-hyps-rolieved-5-leina-4 (rewrite)
(let ((g (caar state))

(p (cdar state))
(free (cdx state))I (a (witnessing-instantiation (generalize sq state))))

(let ((new-g (subst t (invert sg) g)))
(let ((domain-l

(gen-olosure (cons new-g p) free (all-vars t new-g))))
(let ((sl (restrict a domain-l)))

(iples(v gali-t (generaie)s tae)
(iples(anddtt (generalize g state))

(disjoint (all-vars f (range ag))I((disable-theory t) (oi I)))
(enable-theory ground- zero)
(enable domain-restrict member-intersection

<<4 >disjoint-wit-witnsses main-hyp-relieved-5-lezma-4-rit)))

(poelma 40nbp-oiee--om- (rwie
(lrove-leiar tatbpei d5ea5(rwie

(l(p (caar state))
(pre (dr state))
(fre (cdxsigistnito geeaiea state)))

(lo (nwitnessin-stntiaetion(genrliesqsat))
(let ((ewi- lbtt(nets)g)

(lt (doan-ilsr cn o- )fe alvr e-))
(let ((s2 (apply-to-subst (nullify-subat sg)

(gen-losue (cos ne-pfreeic (all-var.new)))

(valid-state (generalize sq state)))
(disjoint (all-vars f (range s2))

(domain sg))))))))

<< 41 >>
(prove-lemma main-byps-relieved-5 (rewrite)

(let ((g (caar state))

(p (odar state))
(free (cdx state))
(a (witnessing-instantiation (generalize sq state))))

(let ((now-g (subst t (invert sg) g)))
(let ((domain-i

(gen-closure (cons new-g p) free (all-vars t new-g))))
(let ((si (restrict a domain-i))I (s2 (apply-to-subst (nullify-subst ag)

(co-restrict a domain-i))))
(implies (and (generalize-okp sq state)

(valid-state (generalize sq state)))

((dsabe-teor t(gen-setting-substitutions al &2 mg))))))

(enable-theory ground-zero)
(enable gen-setting-substitutions

nain-hyps-ralieved-S-lenua-1 main-hyps-relieved-5-leuma-2
main-hyps-relieved-5-lwna-3
nain-hyps-relieved--lzmma-4 main-hyps-relievee-5-lemu-5)))



genera Noe wen begin the remaining goal, )GXN-MYS-RELIEVED-6. The idea is

to show that the apprcpriate goal list is a theorem-list by showing
separately that the first and the rest are theorems, since the
reasons are slightly different. The FIRST is a theorem because itsI
free vars are all in domain-i, hence in the domain of sI; so, &2
can be dropped from the APPEND. Th. REST all have the property
that their free vars are contained in or disjoint from domain-l,
and for those disjoint from it, they do not contain variables from
the domain of sg. Notice that the new current (FIRST) goal mayI
violate the latter requirement, since it may have no free vars at
all but contain vars from the domain of sg. That's why we have to
make a special case out of it.3

(add-axiom main-hyps-ralieved-6-first (rewrite)
(let ((g (caar state))

(p (cdsar state))
(free (ad~r state))I
(a (witnessing-instantiation (generalize sg state))))

(let ((new-; (subat t (invert sg) g)))
(let ((domain-i

(gem-closure (cons new-; p) free (all-vars t new-g))))I
(let ((si (restrict a domain-i))

- (s2 (apply-to-subst (nullify-subst sq)
(co-restrict a domain-i))))

.. (implies (and (generalize-okp sg state)I
(valid-state (generalize sq state)))

(theocrem (subst t (append sl s2)
. .new-;) ) )))))

(add-axiom main-hyps-relieved-6-reat (rewrite)3
(let ((g (caar state))

(p (adar state))
(free (ads state))
(s (witnessing-instantiation (generalize sq state))))I

(let ((new-; (subst t (invert sq) g)))
(lot ((domain-i

(gem-closure (cons new-; p) free (all-vars t new-;))))
(let ((al (restrict a domain-i))

* (&2 (apply-to-eubst (nullify-subst sg)

(implies (and (generalize-okp sg state)

(valid-state (generalize a; state)))
(theorem-list (subst f (append al s2) p))))))))I

(prove-lemma main-hyps-relieved-6 (rewrite)
(let ((q (caar state))

(p (cdar state))
(free (cdr state))I
(a (witnessing-instantiation (generalize sg state))))

(let ((new-; (subst t (invert s;) g)))
(let ((domain-i

(gen-closure (cons new-; p) free (all-vars t new-;))))I
(let ((si (restrict a domain-i))

(s2 (apply-to-subst (nullify-subst sg)
(co-restrict a donain-1))))

(implies (and (generalize-okp sg state)I
(valid-state (generalize sq state)))

(theorem-list (subst f (append al s2)
(cons (subst t (invert sg) g) p)))Mf)

((disable-theory t)
.. (enable-theory ground-zero)I

(enable main-hyps-rlieved-6-first nain-hype-relieved-6-reat
subst theorem-list)))

The first is true because the free pars in new-; are all in theI
domain of sl, since they are all in domain-1. By the way, the
proof-checker was useful here; I dove to the subst tern (after
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wantedtorwiewt US-PNDNTOCR2 Ialontcth
need frGEN-CLOSURE-coNTAINS-TUID-A.G during teatmtt rv

a goal.

First, we only want to open up GINERALrZE when we are looking at
goals, not when we are simply asking about the witnessing

;substitution. I believe that this speeds up the proofs

considerably.

< 42 >>
(prove-lema oar-generalize (rewrite)

(equal (car (generalize sq state))
(con& (subst t (invert sg) (oaar state))

(cdar state))))

<< 43 >>I(disable generalize)
Inspection of the proof of a subgoal of MIN-H'fPS-RELIEVED-6-FIRST
suggests that we need the following lemma. Actually, before the
final polishing it was the case that the following version sufficed.

;But final polishing led =to prove a "'better" version, as well
as the lemma DISJOINT-SZ!-DIII-GZNIRAL in "sets.events".

(prove-loama gen-closure-containe-third-arg (rewrite)
* (implies (subsetp domain free)
* (subsetp (intersection domain vars)

(gen-closure goals free vars))))

<< 44 >>
(prove-lemma gem-closure-aontains-third-arq (rewrite)

(implies (subsetp x (intersection free vars))

(let(g subet:(gen-closure goals free vars))))

(prove-lemma main-hyps-relioved-6-first (rewrite)

(lt(q(caar state))

(fre (cdr state))
(wtee rsig-taniton(eealz))stt))
((wne-g (su tntinvert genrlz g)stte))

(lt ((omi- i sbtt(nets)q)
(lt (geman-lsr1 cn e- )fe alvr e-))

(lot ((si (restrict a domain-i))
(&2 (apply-to-subst (nullify-subst sg)

(co-restrict s domain-i))))

(implies (and (generalize-okp sg state)
(valid-state (generalize sq state)))I (theorem (subst t (append al a2) new-g))))))))

Now we embark on the final goal, MAIN-HYPS-RELIEVED-6-REST. The
idea is that one splits the witnessing substitution a into two
appropriate parts, al and s2. These parts are the respective
restriction and (approximately) co-restriction of the original
witnessing substitution a to some set that is ''closed'' in the
appropriate sense. Actually, the co-restriction is allowed to have
a substitution applied to it, whose domain is disjoint from the
variables occurring in goals '"outside'' that closure. Below we
give the lemmas and the proof of MAIN-HYPS-RELIEVED-6 from those

lemmas. But first let us introduce the necessary notions.

3<< 46 >>
(defn all-vars-disjoint-or-subsetp (p fre* x)

says that every goals's free variables are either contained
in x or are disjoint from x
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(if (lstp I
(and (or (subsetp (intersection free (all-vars t (car p)))

(disjoint (intersection fro* (all-vars t (car p)))
x))I

(all-vars-disjoint-or-subsetp (cdr p) free x))
W)

Our plan will be to show that (CDhR STATE), i.e. p, has the aboveI
property with respect to the free variables of the generalized
state and the appropriate gen-closure. In cases where one applies
a substitution of the form (append oi s2) to such a list of goals,
where the domain of al is contained in the intersection of thoseI
free variables with that closure and the domain of s2 is disjoint
from that intersection, we expect that the result is a theorem-list
if each of the following are theorem-lists: apply al to the goals
whose vars intersect its domain, and apply *2 to the rest.
Reduction rules about applying restrictions etc. will then finishI

Notice the similarity of the followin7 definition with new-gen-vars.

Think of vars as the closure variables, and free as the free variable

<< 47 >>

(defn goais-disjoint-from-vare (goals free vars)
(if (iistp goals)I

(let ((current-froo-vars (intersection free (ali-vars t (car goals)))))
(if (disjoint current-free-wars vars)

(cons (car goals)
(goas-disjoint-fro-vars (cdr goals) free vars
(goals-disjoint-from-var. (cdr goals) free vars))

nil))

Now all that remains Is )EAIM-MYS-RZLIZVRD-6-REST. I originallyI

forgot the (TERNP V P) hypothesis of
NIN-lYS-RELIV-6-REST-GENERALIZATION below, but it wasn't very
hard to back up and fix this.

(add-axiom main-hyps-relieved-6-rest-generalization (rewrite)
(let ((si (restrict a domain-i))

(s2 (apply-to-subst (nuliify-subst sg)

(co-restrict a domain-i))))I
(implies (and (var-substp sg)

(var-substp s)
(subsetp (domain a) new-free)
(termp f p)
(theorem-list (subst f a p))I
(disjoint (domain ag)

(all-wars f (goals-disjoint-from-wars
p new-free domain-i)))

(thore-lis (sjont f appnsus2 p))) o-reImi-)
(t aorl-21s-diusit-r-(abpet pl ne2 fre doman-i)

(add-axiom main-byps-relieved-6-rest-lnmia-l (rewrite)

(lot ((g (caar state))I
(fre (dr state))
(fre (itnesig-taniton(eealz)qstt))

(le (neg (substntinvert (gnealz g)))t*))
(e (gen-cosuret (cn ew- ) fre(alvr)tnw)))

(let ((domain-i

(let ((si (restrict a domain-i))
(s2 (apply-to-subsi (nullify-subst sg)

(co-restrict a donain-i)f)I
* ,, (implies (and (qeneralize-okp sq state)

* * (valid-state (generalize sq state))
(disjoint (domain sg)
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U (all-VeAX f (goals-disjoint-fron-vars
p (cd~r (generalize sq state))
domain-l)))))))))

Minor note: I used the fRA-LZb= feature of NQTBM to realize
.that I needed the following leama.(rrie

,. (lot ((g (caar state))
(p (oder state))
(free (odr state))
(a (witnessing-instantiation (generalize sq state))))

(let ((now-q (aubst t (invert sg) q)))
(let ((domain-i

(lt(gem-closure (cons new-q p) free (all-vars t nw-g))))

(impies(an (qe(generop aliztae)s taal

(vli-s:t (gnrlz stae) sqstat.)

Call-vars-disjoint-or-aubsetp p (cdr (genexalize sq state))

domain-)))))))
(prove-om main-byps-rolieyed-G-rest, (rewrite)

(a (insiqisatai (generalize sq state))))
(lot((nw-q subt t(invrt q)g)))

(lot ((domain-i
(gem-closure (cons now-g p) free (all-vara t new-g))))

(let ((sl (restrict a domain-i))
(s2 (apply-to-subst (nullify-subst ag)

(co-restrict a domain-i))))
(implies (and Ceneralize-okp sq state)

(valid-state (generalize sq state)))

((di(aheorem-list (:ubat f (append al s2) p)))))))

theorem-list subat car-generalize
;relieving hype of main-hyp-relieved-6-reat-generalization:

main-hyps-relievod-6-rest-lzmna-l main-hyp-relieved-6-rest -lenuma-2
to relieve the (termp f p) hypothesis in
main-hyps-relieved-6-rest-generalization:

statep termp-list-cons

At this point I did a sanity check and sure enough, the pushed
lemmas all go through at this point: MKIN-HYPS-RELIEVEO-6,H MAIN-HYPS-RELIEVE.D, MIN-THEOREM-l -C&SE- 4, MAIN-THOREM-1, and

It remains to prove MIN-YPS-RELIVR-6-REST-LE4HA-l.
MAIN-HYPS-RELIEVED- 6-REST-LEO4A-2, and
MIN-HYPS-RELIED-6-REST-GENERALIZATION.

For the first of these we need the following trivial observation.

<< 48 >>
(prove-lemma goala-diajoint-from-vars-subsetp (rewrite)

Csubsetp (goals-disjoint-from-vae goals free vars)

goals))

Unfortunately the observation above doesn't quite suffice, because
of a technical problem with free variables in hypotheses. The
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following consequence does, though.

<<( 49 >>

(prowe-leana disJoint-all-vars-goals-disjoint-froa-vars (rewrite)
(implies (disjoint x (all-vaxa f goals))I

(disjoint x (all-wars f (goals-disjoint-from-wars goals free wars))))
((use (all-vars-f-monotone (z (goals-disjoint-from-wars goals free wars))

(Y goals)))

(disable all -wars-f-monotone))

<< SO >>
(prove-ismna main-hyps-relieved- 6-rest-lemma- I (rewrite)

(let ((q (caar state))
(p (cdar state))I
(from (cdr state))
(a (witnessing-instantiation (generalize sg state))))

(let ((nev-g (subst t (invert sg) g)))
(let ((domain-II

(gen-closure (cons new-g p) free (all-wars t now-g)))l
(let ((si (restrict a domain-i))

(&2 (apply-to-subst (nuliify-subst sg)
(co-restrict a domain-i))))I

(implies (and (qeneralize-okp sq state)
(valid-statet (generalize sq state)))

(disjoint (domain sg)
(all-wars f (goals-disjoint-from-wars

(cd~r (generalize sg state))I
domain-)))))))))

The next goal, MAN-BX1PS-RZLVD-6-RBS1T-LZIbUa-2, needs the lema
ALL-V BS-DISJOINT-OR-SUBSETP-GEN-CLOSURI below. That le&n' s
mechanical proof depends on the trivial observation
DISJOINT-ZINERSXCTION3-MIDDLE in file soe.events.

(prove-limza all-wars-disjoint -or-subsetp-gen-closure
(rewrite)
(implies (subsetp new-free free)

(all-vars-disjoint-or-subsetp
goals new-free (gen-ciosure (cons g goals) free wars))))I

<< 52 >>
(prove-lemma min-hyps-reliewed-6-rest-lmma-2 (rewrite)

(let ((g (caar state))

(p (cd~ar state))I
(free (cdr state))
(s (witnessing-instantiation (generalize sq state))))

(let ((new-g (subst t (invert sg) g)))

(gen-closure, (cons new-g p) free (all-wars t new-g))))

(let ((sl (restrict a domain-i))
(s2 (apply-to-subst (nullify-subst sg)

(co-restrict a domain-i))))I
(implies (and (generalize-okp ag state)

(valid-state (generalize ag state)))
(all-wars-dis joint -or-subsetp
p (cd~r (generalize sg state)) donain-l))))

Finally, all that's left is
MAIN-BYPS-RELIEVUD-6-REST-GENWERALIZATION. An attempted proof by
induction of that theorem results in 11 goals, all but one of which
goes through automatically. The tech. report shows how I usedI
PC-NQTHM to figure things out. -.n particular, our problems
are now reduced to the following goal.

(SUBST T (NULLIFY-StiES? SG)

(SUEST T (CO-RESTRICT S DOMIN-i)I
X))
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I ; ; We no"d the loans SUMST-APPLY-TO-SOBMT-ELINIXATOR below (which Is

used under the substitution where 3 gets (CO-RESTRICT S DOMAIN-1)i ; ; and SG gets (NULLMF-SUBST SG)). However, we'll1 immediately derive

the desired consequence and then disable this lemma, since it
; appears that it would loop with COMPOSE-PROPERTY.

<< 53 >>
(prove-leama subst-apply-to-subst-eliminator (rewrite)

(implies (and (variable-liatp (domain ag))
(variable-listp (domain s))
(termp t x)
(disjoint (domain 89) (all-vars t x)))

(equal (subst t (apply-to-subst sq s) x)
(subst t aq

(subst t a x)))))

<< 54 >>
(prove-lema theorem-subst-apply-to-subst-with-disjoint-domain (rewrite)

(implies (and (var-substp sg)

(var-substp a)
(termp t x)
(disjoint (domain ag) (all-vars t X))
(theo~m (subst t 0 x)) )

(thoorm (subst t (apply-to-aubst aq s) x)))
((disable oossqe-propesty ) )
<< 55 >>

(disable zubst-apply-to-subst-liminator)

The proof of the remaining goal should go through now, one might
think. However, we need one more observation first, because we
need to apply the following lemma.

(PROVR-LE M SLTBST-CO-RESTRICT

(REWRITE)
(IMPLIES (AND (DISJOINT X

; ; ;(INTERSECTION (DOMAIN S)
:;; (ALL-VARS FiG TERM)))

(VAR;A;L -LISTP (DOMAIN S))
(TERM FLG TERM))

(EQUAL (SUBST FLG (CO-RESTRICT S X) TERM)
(SUEST FLG S TERM))))

But, the first hypothesis of this lemma needs special handling
because of free variables in the relevant rewrite rules. The lemma
DISJOINT-SUBSETP-HACK was proved at this point, and appears now inI sets.events.

And finally, we finish. During polishing I suddenly needed the
lema SUBSETP-INTERSECTION-MONOTONE-2, which is now included in
"sets.events", and which in turn suggested
SUBSETP-INTERSECTION-COMMUTER there.

<< 56 >>
(prove-lemma main-hyp-relieved-6-rest-generalization (rewrite)

(let ((al (restrict a domain-h))
(&2 (apply-to-subst (nullify-subst sg)

(co-restrict a domain-l))))
(implies (and (var-substp sg)

(var-substp s)
(subsetp (domain a) new-free)
(tormp f p)
(theorem-list (subst f a p))
(disjoint (domain sq)

(all-vars f (goals-disjoint-from-vars
p new-free domain-l)))

(all-vars-disjoint-or-suteetp p new-free domain-l))

I
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(theorem-list (subst f (append al s2) p)))))I

Now to clean up the goals that have been pushed above:

<< 57 >>I
(preve-leema .main-hyps-relieved-6-rest (rewrite)

(let ((g (caar state))
(p (odar state))
(free (cdr state))I
(a (witnessing-instantiation (generalize sq state))))

(let ((new-g (subst t (invert sg) g)))
(lot ((domain-l

(gen-closure (cons now-g p) free (all-vars t new-g))))
(let ((sl (restrict a domain-1))I

(s2 (apply-to-subst (nullify-subst sq)
(co-restrict a domain-l))))

(implies (and (generalize-okp sq state)
(valid-state (generalize sq state)))I

(theorem-list (subst f (append sl s2) p)))))))
((disable-theory t)
(enable-theory ground-zero)
(enable theorem-list substI

oar-generalize ;; so that we can get at p from (car state)
;relieving hype of aain-hyps-relieved-6-rest-generalisation:

inai:n-hyp-relieved-6-rest-leama-1 main-hyp-relieved-6-rest-lemma-2
to relieve the (termp, f p) hypothesis
in main-hyps-relieved-6-rest-generalization:I

statep, termp-list-cons
generalize-okp valid-state-opener

<<5 >main-hyps-relievd-6-rest -genralization)))3

(prove-lemma main-hype-celieved-6
(rewrite)
(let ((g (caar state))

(p (cdar state))U
(free (cdr state))
(a (witnessing-instantiation (generalize sq state))))

(let ((new-g (subst t (invert mg) g)))

(let ((domain-l
(gen-closure (cons new-g p) free (all-vars t now-g))))

(let ((s1 (restrict a domain-l))
(a2 (apply-to-subst (nullify-subst sg)

(co-restrict a domain-l))))I
(implies (and (generalize-okp sq state)

(valid-state (generalize sq state)))
(theorem-list (subst f (append al s2)

((disable-theory t) (cnIo- ))))
(enable-theory ground-zero)
(enable uain-hype-relieved- 6-first main-hyps-relieved- 6-rest subst

theorem-list)))

(prove-lemma main-hyps-relieved
(rewrite)
(let ((g (caar state))

(p (cdar state))I
(free (cdr state))
(s (witnessing-instantiation (generalize ag state))))

(let ((new-g (subst t (invert sg) g)))

(let ((domain-i
(gen-closure (cons nev-g p) free (all-vars t new-g))))

(let ((si (restrict a domain-i))
(&2 (apply-to-subst (nullify-subst sg)

(co-restrict a domain-i))))

(implies (and (generalize-okp sq state)
(valid-state (generalize sq state)))

(nain-hyps al s2 sq g p))))
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(eniable-theory t

I aain-hyps-relieved-l))

<< 60 >>
(prove-iema main-theorem-o-ase-4

(rewrite)

(valid-state (generalize sq state)))

(gen-inst sq state)

((disable-theory t) (a tt))

(enable-theory ground-zero)
(enable gen-inst. main-hyps-suftice generalizo-okpI main-hyps-relieved)))

<< 61 >>
(prove-lemma aain-theorem-l (rewrite)

(let ((wit (gem-inst sq state)))
(implies (and (qeneralizo-okp sq state)

(valid-state (generalize sq stat*)))
(and (statep state)

(var-substp wit)
(subsetp (domain wit) (cdr state))
(theorem-list (subst f wit (car state))))))

((disable-theory t)
(enable-theory ground- zero)
(enable main-theoren-l-case-l main-theorem-l-case-2

main-theorem-l-case-3 main-theorem-l-case-4)))

<< 62 >>
(provie-lemma generalizo-is-oorrectI (rewrite)

(implies (and (generalize-okp sq state)
(valid-state (generalize sq state)))

(valid-state state))
((disable-theory t)
(enable-theory ground-zero)
(enable main-theorem-l)
(use (valid-state (witnessing-instantiation (gen-inat sq state))))))
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